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The Normal Density of Ammonia 

Introduction 
The accompanying tabulation gives a summary of previous work in 

determining the density of ammonia at  0' and one atmosphere. 
Blanchard and Pickeringl in their review of the literature pertaining to gas 

densities conclude, in the case of ammonia, with the following statement: 
"The weight of a normal liter chosen is therefore 0.7710 with an uncer- 
tainty of two or three units in the last decimal place." This is exclusive 
of the results obtained by Leduc and of the most recent by Moles and 
Batuecas. In discussing the earlier work Moles and Batuecas2 also state 
that they recalculated the data of Guye and Pintza, Perman and Davies 
and Scheuer. The resulting densities are shown in the column a t  the right. 

The weight of a normal liter has also been calculated from the "com- 
pressibility" of ammonia, (b(@)/bp)~, using the equations 

where X is understood to be a mean value defined as X = l"" X d*.' 

Beattie and Lawrence3 using their own p-V-T data and the Beattie- 
Bridgeman equation of state 

pU = RT + P/v + y/v2 + 8/v3 
to obtain the plvl product, derive the value, 0.7706 g./l. On the other 
hand, the same form of equation applied to the data of Meyers and Jessup 
leads to a normal density of 0.7715 g./l. 

The foregoing discloses considerable uncertainty as to the true normal 
density. In view of the elaborate precautions taken by the investigators 
in purifying ammonia from various sources, it seems certain that the 
irregularities are not traceable to impurities. It appears accordingly that 
the discrepancies must be attributed mainly to the experimental procedure 
adopted. All of the work up to the present has been done by either the 

(I) Blanchard and Pickering, B. S. Sci. Paper No. 529, 1926. 
(2) Moles and Batuecas, Siteb. Akad. Wiss. Wien, 138, 779 (1929) 
(3) Beattie and Lawrence, THIS JOURNAL, 52, 6 (1930). 
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Name 

Leduc (1898) 
Guye and Pintza (1905) 
Perman and Davis (1906) 
Perman and Davis (1906) 
Perman and Davis (1906) 

Scheuer (1914) 
McKelvey and Taylora (1923) 

Meyers and ~ e s s u p ~  (1923) 

Moles and Batuecas (1929) 
Moles and Batuecas (1929) 
Moles and Batuecas (1929) 

PREVIOUS WORK ON THE DENSITY OF AMMONIA 
Density as 

No. of recalculated by 
Method Source of NHJ detns. Density Moles and Batuecas 

Balloon Commercial 0.7720 
Volumeter Commercial 5 .77083 ( *0.0002) 0.7710 
Volumeter Commercial 4 ,7717 
Volumeter Commercial and (NH4)2C20, 7 .77089 ( .t 0.0004) 
Balloon NaN09 (reduced with Al + 

NaOH) 4 .77090 ( * 0.0006) .7714 
Balloon (NH4)zSOd 16 .7708 ( * 0.00026) .77093 
Balloon and 

volumeter Several sources "Numerous" .7713 
Metal bombs NHs prepared by McKelvey and 

Taylor 3 ,7713 (max. var. 0.0013) 
Balloon (NH4)zCzOd 13 .77185 
Balloon Synthetic 10 .77185 
Balloon MgaNn 8 .77200 

.77190 
Adsorption correction - .00020 

.77170 
" Reported by Blanchard and Pickering. 



Jan., 1933 THE NORMAL DENSITY OF AXMONIA 3 

"balloon" or the "volumeter" method. Neither of these would avoid 
definitely the adsorption effect expected with ammonia. 

Professor F. G. Keyes proposed to the authors a number of years ago 
a modification of a method originally proposed and used by Maass and 
Russell4 in determining the density of acetylene, methyl ether and hydro- 
bromic acid and latcr by Cooper and Maass5 in determining the density 
of carbon dioxide. The suggested modification provides a means of 
estimating quantitatively the adsorption effect on the container walls. 
The principle involved is that of measuring the temperature and pressure 
of the gas in a relatively large bulb of known volume, condensing i t  in a 
small bulb that can be sealed off and then weighing in the liquid form or 
under high pressure. This method obviously makes it possible to work 
with comparatively large amounts of material and only involves the 
weighing of very small bulbs with a corresponding decrease in total mass 
and surface area. It was assumed that the adsorption effect could be 
eliminated by bringing the gas down to varying final bulb pressures during 
the condensation process. According to the adsorption law, q = 

the total amount adsorbed tends to approach a constant saturation value 
at  relatively low pressures provided a true adsorption effect is in~olved .~  
The condensed liquid should, therefore, as the residual pressure is made 
progressively larger, represent material drawn from the gas phase only. 
By means of an approximate equation of state it is possible to calculate 
with exactness the small weight of gas corresponding to the residual 
pressure, exclusive of the adsorbed layer. This in turn when added to 
the weight of the gas that has been condensed would give the mass corre- 
sponding to the initial pressure. According to this procedure i t  becomes 
a matter, therefore, of determining the limiting minimum density with 
increasing residual pressures. 

As the work progressed it was found that the method outlined above did 
not apparently serve to eliminate completely the adsorption effect. The 
authors feel, however, that this was finally accomplished by subjecting 
the ice-bath bulb to a thorough baking and pumping previous to the 
density determinations and by observing special care in removing the 
last traces of ammonia in the line before each condensation. The details 
as to this will be described more fully in a later section. 

The present work was undertaken with the idea of obtaining density 
data at one, two-thirds and one-third of an atmosphere, also for corre- 

(4) Maass and Russell, THIS JOURNAL, 40, 1847 (1918). 
(5) Cooper and Maass, Can. J. Res., 2, 388 (1930). 
(6) Keyes [Keyes and Brownlee, "Thermodynamic Properties of Ammonia," John WiIey and Sons, 

New York, 1916. p. 211 has called attention to the fact that ammonia very likely absorbs in the adsorbed 
water layer rather than adsorbing to any extent. The amount of ammonia on the walls of the globe 
would therefore not be related to the pressure by the above formula but more in accordance with Henry's 
law. In any event, however, the method will indicate the part played by the walls in retaining gas. 
The final outcome of our work indicates that ammonia does not aclsorb on water freed surfaces. 



sponding pressures a t  higher temperatures. At this time only the results 
a t  one atmosphere and 0" are being reported. The preliminary densities 
a t  the lower pressures and 0" were used to obtain an equation of state 
needed in the computation of the residual amount of gas in the bulb. 

Experimental Method 

The experimental work carried out divides itself into two distinct parts. 
The general arrangement of the apparatus for the first part, experiments 
Nos. 1-66, is shown in Fig. 1. That for the second, experiments Nos. 67- 
119, was similar except that the ice-bath and five-liter Pyrex bulb which i t  

PUMP 

A 
Fig. 1.-General arrangement of apparatus for gas density determinations. 

contained were replaced by the ice-bath and one-liter Jena glass bulb 
shown in Fig. 2. In making a determination the ice-bath, provided with 
a stirrer, was filled with chipped ice and distilled water. Following that 
the evacuated bulb was filled with ammonia from the storage bulb, C, 
to very nearly the desired pressure, i. e., one, two-thirds or one-third of 
an atmosphere, allowance being made for the corrections to be applied. 
Upon closing stopcock No. 16 the line was pumped down to  that point. 
It developed that this operation required much more time than was a t  
first anticipated. After allowing for temperature equilibrium to be estab- 
lished, ordinarily about three hours, the initial pressure was read. The 
ammonia was then condensed into bulb G with liquid air to varying 
final pressures, 0.0 to 40 mm. A total of twelve to fifteen hours was 
allowed for the condensation in the case of a zero residual pressure. Stop- 
cock No. 16 was always closed during the final pressure readings. The 
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last step consisted in sealing off the capillary extension of the bulb G 
while the latter was still immersed in liquid air. Necessarily before doing 
this the ammonia in the line down to stopcock NO. 16 (5 1. bulb) and 
No. 17 (1 1. bulb) was condensed. During the early stages of the work a 
Toepler pump was used in testing for uncondensed ammonia after sealing off 
the bulb. This was subsequently found to be unnecessary. The details 
of weighing the bulbs, closed and open, will be discussed in a later section. 

Purification of Ammonia 
Synthetic anhydrous ammonia was used throughout the work, that for 

experiments Nos. 37-119 having been kindly donated by the Barrett 
Company through the courtesy of Doctor J. M. 
Braham. The steel cylinder, A, containing I6 

freshly cut sodium, was partially filled with the 
liquid and allowed to stand for several days. 
The system having been previously evacuated, 
ammonia was condensed in B by means of liquid 
air and subjected to several fractionations, the 
end portions being always discarded. Further- 
more, a t  the end of each distillation the solidi- 
fied ammonia was pumped until the pressure 
became less than 0.001 mm. The portion re- 
maining was stored in C, the bulb being kept 
immersed in liquid air. 

As far as could be observed there was no occa- 
sion to question this method of purification. 
Water and non-condensing gases should, on the 
basis of McKelvey and Taylor's7 work, be the 
principal impurities and the treatment described 
above ought to eliminate completely these or 
any other foreign substances likely to be present. 
That such was the case seems evident from the 
following considerations. It was noted on the 
one hand in making as many as fifteen successive 
density determinations from a given portion in 
the storage bulb, with practically all of the am- 
monia being used, that no differences in the re- 
sults could be detected. This obviously would Fig. 2,-one-liter bulb and 
indicate that the material was uniform, i. e.,  there ice-bath. 
were no lighter and heavier fractions. Also, it 
was found that there was no indication of a permanent pressure develop- 
ing in the 'bulb used for measuring the volume of the gas, in spite of the 
fact that the bulb was not pumped between successive determinations in a 

(7)  McKelvey and Taylor, B.S., Sci. Paper No. 465, 1923. 
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given series. Non-condensing gases, especially hydrogen, must therefore 
have been absent. 

Details of Procedure 
(a) Volume.-As explained in the preceding section, two different bulbs were used 

for the volume measurements. The calibration of the five-liter Pyrex bulb was camed 
out by first filling it, a t  the ice-point temperature, with recently boiled, distilled water 
to fixed marks on the connecting capillaries. The water was weighed by draining it 
off into glass-stoppered flasks, the usual air buoyancy and calibration corrections being 

applied. That adhering to the walls was sub- 
sequently pumped out and collected in a liquid 

TO VACUUM air trap that could be disconnected and weighed. 
Four independent determinations of the bulb 
volume were made before use and a second 
series of three a year and a half later. The 
deviation in all of these determinations was not 

GROUND CLASS greater than one part in 50,000. The "stretch" 
of the bulb was determined and found to be 
0.480 ml. per atmosphere. After connecting 
the calibrated bulb to the manometer and load- 
ing apparatus the volume of the exposed parts 
was 2.27 ml. Allowance was made for the tem- 
perature difference of the latter in estimating 
the effective volume of the bulb when filled with 
ammonia. The total volume included that of 
the bulb and the capillaries, through the bore 
of stopcock No. 16 (Fig. 1) and to a fixed mer- 
cury level in the short arm of the manometer 

The one-liter bulb was annealed in a tube 
furnace a t  300° before being calibrated. I t  
was then set up as shown, exclusive of the ice- 
bath, in Fig. 3a. Before introducing water the 
bulb was evacuated and weighed with the 
ground-glass cap, H. Special precautions were 

Fig. aa.--one-liter bulb as set up for taken to exclude air while the bulb was being 
calibration. filled with water. The reservoir above the stop- 

cock served to allow for expansion upon re- 
moval from the ice-bath. Before being weighed the bulb and its contents were brought 
to room temperature. The net volume of the bulb and connecting capillary, including 
the bore of the stopcock plug, as obtained in five determinations was 1030.56 ( *0.01) ml 
The "dead space" was in this case only 0.3 ml. with a correspondingly smaller correc- 
tion for the exposed portion. The "stretch" of the bulb was found to be 0.087 ml. 
per atmosphere. 

Platinum tube 
Outside diameter 1.00 mm., wall thickness 0.05 mm. 

Fig. 3b. -Condensing bulb. 

(b) Temperature.-No direct measurements of the ice-bath temperatures were 
made. However, baths made up in a similar manner, with chipped ice and distilled 



water, have been tested very thoroughly in this Laboratory by J, M. Gaines, Jr., by 
means of platinum resistance thermometers and found to be constant within 0.003" or 
0.000 (*0.003)°C. 

(c) Pressure.-The same manometer was used throughout all of the work. A 
great deal of time was devoted to improving the conditions under which the readings 
were made, especially as regards temperature control and illumination. In  the follow- 
ing paragraph there is given a description of the manometer in its final form. 

The glass tube of the mercury manometer, F (Fig. 1). had an internal diameter of 
17 rnm. and was placed in a heavy cast bronze case provided with a plate glass front 
and a frosted glass back. The sides were covered with felt. The 
bronze case was placed on a large slate slab, and a cabinet, the 
interior of which was painted black, built around it. The door on 
the front of the cabinet was provided with slots through which 
the observations could be made. Two different cathetometers, 
both of them Geneva instruments, were available for measuring 
the pressures. The first of these which was used in experiments 
Nos. 1-26 carried a silver scale on the column. The second 
cathetometer was one that had been made with a special device 
for clamping the telescopes rigidly in position and proved to be a 
very satisfactory instrument. This cathetometer did not have 
an attached metal scale, the readings being made on a glass stand- 
ard meter bar that was set up a t  the left of the brass case. The 
scale on the meter bar was ruled in millimeters with a diamond 
chip by the Socikt6 Gknevoise d'Instruments de Physique. I t  
was calibrated at  Berne, Switzerland. 

In Fig. 4 is shown the construction of the short arm of the 
manometer as suggested by F. G. Keyes. The fine glass tip 
served as a fixed mark to which the mercury level was brought 
while making readings. The mercury surface was illuminated 
with diffused light coming through the frosted plate glass and a 
slit in a semicircular brass plate surrounding the rear half of the 
glass tube. The electric light bulb could be moved up and down 
by means of an overhead pulley. It was found possible in this 
way to illuminate the mercury surface so as to get a sharply de- 
fined meniscus. The long arm of the manometer was provided 
with a movable brass plate and a lighting arrangement similar 
to the one just described. In the case of the glass scale the best 
results were obtained by illumination from the rear. The lights pig. *.-short arm 
for this purpose were supported from the same bars that carried of manometer. 
the bulbs for the mercury columns. After having made the 
necessary initial adjustments it was therefore possible to swing the cathetometer tele- 
scope directly from the mercury meniscus at  any level to the illuminated glass scale. 
In doing this the spirit levels on the telescopes were always checked. 

The temperature within the brass case was determined by means of two calibrated 
thermometers that could be read to 0.01 O. Ordinarily the temperature variations were 
considerably less than 0.1 during a given set of readings. 

The vernier box of each telescope carried a circular head with a scale divided into 
one hundred divisions that could be estimated to tenths. When the cathetometer was 
a t  a distance of twenty-four inches from the manometer and the glass scale one milli- 
~neter on the latter corresponded to about a hundred and forty divisions. The following 
procedure was adopted in making observations. Five settings on the meniscus were 
first made in succession and the mean of these calculated. The telescopes were then 
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swung over to the glass scale and two settings made on each of the millimeter divisions 
within which the meniscus level fell. By interpolation the fractional part of a milli- 
meter was computed to the third place. Ordinarily eighteen sets of these observations 
were made on each mercury column, corresponding therefore to as many independent 

Residual pressure, mm. 
Fig. 5. 

pressure determinations. The thermometers were read a t  the beginning and end of each 
set of three observations and a correction applied to the mean of these. As a precaution 

to guard against any lag the mercury columns 
were lowered a t  these same intervals and new 

760.243 settings made. By way of illustrating the 
760.231 degree of reproducibility the resultant six 
760.253 mean values for the last experiment, No. 119, 
760.255 as obtained in pairs by three observers, are 
760.257 tabulated, temperature corrections having 
760.246 been applied. 

A correction for the difference in curva- 
Av. 760.248 ture of the two mercury surfaces was made by 

Meniscus corr. $0.006 using the equation developed by Lohnstein.8 
Level corr. $0.030 Since the short arm of the manometer 
Gravity corr. -0.207 and the one-liter bulb were not a t  the same 

level, there was a positive correction at  one 
Final con. press. 760.077 ( *0.01) atmosphere of 0.03 mm. 

The gravity correction was made by tak- 
ing gs = 980.665 cm./sec.* and g, = 980.398 

cm./sec.=, the constant of gravity in Room 4-458 a t  M. I. T. The value 980.665 cm./ 
sec.2 is that adopted by the "International Critical Tables" and by Blanchard and 
Pickering in their review of the literature relating to gas densities. 

(d) Mass.-As in the case of the pressures, much time was devoted to developing 

(8) Lohnstein, Ann. Physik, 33. 296 (1910). 
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the technique of obtaining the weight of the ammonia. For that reason the procedure 
will be discussed in some detail. 

(1) Condensing Bulbs.-Necessarily an important step in connection with the 
weighing was that of devising a form of bulb that could be opened without any loss of 
glass. In  experiments Nos. 1-79,100, 102, 104, 106, 108 and 110 the Pyrex bulb was 
of the simple form illustrated in Fig. 1. This type was opened by first freezing the 
ammonia with liquid air in the capillary end. Upon removal from the liquid air a cloth 
was wrapped around the cooled portion and a fine flame applied a t  the other end. In 
view of the high vacuum existing the glass caved in upon melting and in doing so the 
particles of blown glass were carried along into the bulb. Following this the capillary 
end was again immersed in liquid air and the ammonia allowed to evaporate as the 
liquid air gradually disappeared. There was a tendency for the bulbs to crack unless 
they were handled in this manner. Before weighing the empty bulb it was put in a tube 
that could be evacuated in order to replace the remaining ammonia vapors with air. 

The above type of bulb proved in the end not to be entirely satisfactory. In some 
unexplained way they did apparently undergo slight changes in mass while being opened 
They were accordingly abandoned in favor of a modification proposed by F. G. Keyes 
and illustrated in Fig. 3b. It had previously been found by Keyes and Kraus that 
platinum tubes of a high degree of purity and sufficiently thin walled could be sealed 
directly into Pyrex glass in such a way as to hold a vacuum at liquid air temperatures 
on the one hand and also to stand the vapor pressure of liquid ammonia a t  room tem- 
perature, approximately ten atmospheres. The outer end of the platinum tube was 
closed by welding with a fine flame The bulbs were opened by puncturing the platinum 
tube with a small needle. Density data obtained with these bulbs showed, when other 
disturbing factors had been eliminated, a high degree of consistency. 

(2) Balances and Methods of Weighing.-Considerable difficulty was experienced 
in determining the weight of the bulbs with the degree of accuracy desired, i. e., 0.01 
mg.s However, with the right kind of a balance and with due regard to the necessary 
air buoyancy correction involved this was definitely accomplished. 

Four different balances were used, the last being a special fifty gram load, semi- 
micro balance with a sensitivity (displacement of the rest-point) of approximately 
thirteen scale divisions. The notched beam was divided into a hundred divisions and 
carried a one milligram rider. Both the substitution and the transposition methods 
were used in making the weighings. The latter seemed on the whole to give more 
consistent results. The weights, Class M, had been calibrated by the Bureau of Stand- 
ards. A counterpoise in the form of an open bulb was always placed on the scale pan 
with the weights. The size of this was such that its mass would be a little less than that 
of the empty bulb being weighed. The scale pans were fitted with aluminum wire 
supports by means of which the bulbs could be kept in a vertical position. This was 
necessary especially in weighing the sealed bulbs with their liquid contents. The rest 
points were determined by taking three readings to the right and two to the left. In 
all cases the weight to the nearest milligram was obtained by placing the proper frac- 
tional weights on the pan. With the first three balances the fractional part of a milli- 
gram was in turn computed from the rest-point, no rider being required. In  the case 
of the special semi-micro balance referred to above the rider was used for the tenths and 
the rest-points for hundredths of a milligram. No-load rest-points were obviously not 
needed in either the substitution or the transposition method. 

The procedure adopted consisted in making a total of sixteen weighings, usually 
only four on any one day. In  doing this the temperature within the balance case, the 
barometric pressure and the humidity were recorded at  regular intervals. An elaborate 

(9) The authors are indebted to  Mr. A. T. Pienkowsky of the Bureau of Standards for valuable 
suggestions in connection with the weighing. 
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set of tables was made up to simplify the work involved in obtaining the air densities. 
Since 1 cc. of air under ordinary conditions weighs approximately 1.2 mg. it  was neces- 
sary t o  know the net volume displaced t o  within 0.01 cc. in making the air buoyancy 
correction. The volumes of the sealed bulbs were determined by means of hydrostatic 
weighings, whereas those of the open bulbs and the weights were calculated from the 
known densities of Pyrex glass, platinum, bronze and aluminum. 

The following tabulation serves as an illustration of the degree of 
reproducibility obtained in making a series of weighings. The values 
given represent the mean, experiment No. 119, of each set of four weigh- 
ings, after having been reduced to vacuum. 

Closed bulb 

2.243679 
2.243673 
2.243674 
2.243677 

Av. 2.243676 
Calibration corr. + O .  000054 
Final corr. wt. 2.243730 (=to. 00001) 

Open bulb 

1.448758 
1.448751 
1.448747 
1.448736 

(3) Residual Gas.-The equation of state used in calculating the 
weight of the residual ammonia, in those experiments where the final 
pressure was not zero, was obtained by assuming first the general equation 

pv = RTo + (RToa)p + (RToP)P2 

This was in turn put in the form 

In  evaluating the constants the following approximate values were taken 
for the density of ammonia 

1 atm. 
2/9 atm. 

atm. 

By means of these densities the @ products per gram at  the different 
pressures were calculated and a final equation of state for 0" obtained 

pv = 1316.19 - 21.675p + 1.485pZ 

p being expressed in atmospheres and v in cc. For the purpose of calcu- 
lation the equation was put in the form 

vol. of bulb 
wt. of residual ammonia = 

(1316.19/p) + 1.485P - 21.675 

Experimental Data and Discussion of Results 

Altogether 119 density determinations were made, 88 at one atmosphere 
and 23 at  lower pressures. The remaining eight were lost. 
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In Table 1 are presented the results with the five-liter Pyrex bulb a t  
one atmosphere. I t  is to be noted that the density decreased from an 
average of 0.77168 at  the lowest residual pressure to an average of 0.77149 
a t  the highest. As will readily be seen from the accompanying curve, 
the latter seemed to represent a definitely limiting value. By way of 
confirmation it was decided to make a number of determinations with a 
bulb that had been baked and evacuated in order to remove the last traces 
of adsorbed water. It was thought that this would result in the complete 
elimination of any adsorption effects with ammonia and thus constant 
density data should be obtained regardless of the residual pressure. This 
proved in the end to be the case. However, before obtaining consistent 
results i t  became necessary to devise a new type of condensation bulb 
and also to observe additional precautions in avoiding adsorption effects 
in the line. 

TABLE I 
DENSITIES DETERMINED WITH &LITER PYREX BULB 

Approx. Approx. 
res. res. 

press , Density press.. Density 
Expt. mm. g /I. Average Expt. mm. &/I. Average 

4 0.0 0.77167 11 5.0 0.77163 
5 .O 154 21 5.0 153 0.77158 
6 .O 169 1 10.0 141 
8 . O  176 7 10.0 166 
9 .0 177 27 10.0 162 

12 . O  174 36 10.0 157 
22 . O  161 40 10.0 143 
28 .O 190 43 10.0 163 
29 .O 134 55 10.0 153 
37 0 185 56 10.0 157 .77155 
39 . O  177 42 20.0 146 
41 .O 175 52 20.0 145 
44 .0 169 53 20.0 152 
45 . O  153 61 20.0 153 
46 .0 158 62 20.0 156 .77150 
47 .O 164 50 40.0 153 
48 .0 164 51 40.0 144 .77149 
49 . O  168 0.77168 

In Table I1 will be found a summary of the results with the one-liter 
bulb. Experiments 67-79 were made with the first form of condensa- 
tion bulb. The mean density values for the different residual pressures 
agreed very well. Nevertheless, the differences between individual 
determinations were greater than the accuracy of the measurements 
involved would lead one to expect. This led to some questioning of the 
method of opening the bulbs and it was accordingly decided to try the 
kind illustrated in Fig. 3b. The first two experiments, Nos. 80-81, 
agreed remarkably well. However, the next series, Nos. 82-92, was far 



less satisfactory. In the first place the densities were higher and further- 
more they varied considerably. Five additional experiments, Nos. 94-98, 
all at  zero residual pressure, were likewise such as to leave one in doubt. 

Approx. Approx. 
res. res. 

press.. Density, press., Density 
Expt. mm. d l .  Average Expt. mm. 23.11. Average 

67" 0.0 0.771305 94" 0.0 0.771584 
68 . O  1301 95 . O  1454 
69 . O  1387 96 .O 1469 
70 . O  1349 0.771281 97 .O 1450 
71 10.0 1425 98 . O  1435 0.771478 
78 10.0 1227 
79 10.0 1336 .771269 99 .O 1457 
72 20.0 1336 101 . O  1332 
74 20.0 1234 103 .O 1366 
75 20.0 1200 .771197 105 .O 1337 
73 40.0 1320 107 .O 1357 
76 40.0 1378 109 . O  1377 .771371 
77 40.0 1243 .771254 100 . O  1484 

102 .O 1091 
80' 0.0 1307 104 .O .769988 
81 . O  1308 .771248 106 .O .771404 

108 .O 1298 
89 . O  1448 110 .O 1508 .771129 
90 .O 1476 .771402 
82 10.0 1379 111 . O  1311 
85 10.0 1425 112 . O  1332 
88 10.0 1478 113 . O  1236 
93 10.0 1407 .771362 114 .O 1305 
83 20.0 1515 115 . O  1293 .771297 
86 20.0 1693 
91 20.0 1402 ,771477 116 .O 1262 
84 40.0 1359 117 .O 1273 
87 40.0 1466 
92 40.0 1372 .771339 118 . .O 1239 

119 .O 1262 .771259 

" Indicates stages at which the bulb was baked.   he remaining experiments 
with the exception of Nos. 100, 102, 104, 106, 108 and 110 were made with the type of 
condensation bulb shown in Fig. 3b. 

In view of the above discrepancies it seemed advisable to obtain some 
comparative data with the two types of condensation bulbs. In the next 
series, therefore, Nos. 99-110, they were alternated. As in the case of 
the other series, the same sample of ammonia was used throughout. 
After having made the first experiment, No. 99, there were reasons for 
believing that the variable results might be due to slight traces of adsorbed 
ammonia in the line that had not been removed by evacuating before the 
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condensation process was started. Up to this point the pumping had 
been continued for comparatively short periods, ordinarily about an hour, 
or a t  least until a McLeod gage gave no indication of any pressure. Begin- 
ning with No. 100 the line was pumped somewhat longer with consequent 
lower densities and also a much higher degree of consistency, i. e., with 
the new style of bulb. The six determinations, Nos. 100, 102, 104, 106, 
108 and 110, made with the first type showed conclusively that the weight 
of the glass could not have remained constant. 

In the next five experiments the line was pumped even longer than in 
the preceding series, six to eight hours. The results showed a still further 
decrease in density. In order to determine if the limit of the adsorption 
effect had been reached, two additional experiments, Nos. 116-117, were 
made in which dry air was admitted from time to time while the line was 
being evacuated over a period of fifteen hours. Also, as a further check, 
in the next two experiments Nos. 118-119, the ammonia was removed by 
condensing i t  with liquid air in a second bulb that could be shut off with 
a stopcock during the subsequent condensation from the one-liter bulb. 
Since the maximum deviation of the four determinations was slightly 
less than four parts in seventy-five thousand, it was concluded that the 
adsorption effect had finally been eliminated and the average of these 
was accepted as the density of ammonia a t  OO. 

The authors realize that in selecting the last four values for determining 
the final mean density of ammonia no weight is given to the previous 
determinations. The gradual development of the method with conse- 
quent elimination of disturbing factors would seem, however, fully to 
justify this procedure. 

Acknowledgment.-The authors wish to express Lheir appreciation to 
Professor F. G. Keyes a t  whose suggestion this research was undertaken. 
His continued interest and helpfulness contributed much to  the progress 
of the work. They are also greatly indebted to C. W. Orleman, Charles 
Rubin and Stanley L. Witcher, who assisted in the work with the one-liter 
bulb, especially in developing the technique of weighing. 

Summary 

A precision method for the determination of gas densities has been 
developed. An important feature of i t  is that it makes possible the 
definite elimination of adsorption effects. Also, the method readily 
lends itself to use over a wide range of temperatures. 

On the basis of the data presented, the normal density of ammonia is 
considered to be 0.77126 (=t0.00001) 

CAMBRIDGE, MASSACHUSETTS RECEIVED MAY 20, 1932 
PUBLISHED JANUARY 11, 1933 
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[CONTRIBUTION FROM THE RESEARCH LABORATORY OF PHYSICAL CHEMISTRY, 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, NO. 2921 

The Density of Ammonia at Reduced Pressures and its 
Relation to the Atomic Weight of Nitrogen, the Gas 

Constant, R, and the Limiting Molal Volume, Vo 

Introduction 
Density determinations at reduced pressures are of particular importance 

because of the various computations that are thus made possible. The 
only previous work recorded, in the case of ammonia, is that by Moles 
and Batuecas.' Using the same method employed in determining the 
normal den~ i ty ,~  they obtained the values 

2/3 atm.. . . . . . . . . . . . . . . . . . . .  0.511815 g./l. 
l/z atm.. . . . . . . . . . . . . . . . . . . .  ,382925 g./l. 

atm.. . . . . . . . . . . . . . . . . . . .  .254607 g./l. 

On the basis of these densities, combined with the previously determined 
normal density of 0.77169, they found the molecular weight of ammonia 
to be 17.032 and the atomic weight of nitrogen to be 14.009. 

Procedure 

The present work was carried out along precisely the same lines as that 
by Dietrichson, Bircher and O'Brien3 in determining the normal density 
of ammonia. A number of preliminary experiments had been made by 
them a t  each of the pressures, two-thirds and one-third of one atmosphere, 
using the five-liter Pyrex bulb for measuring the volume of the gas. The 
latest results have all been obtained with the one-liter Jena glass bulb. 
In  connection with these determinations it is desired to emphasize once 
more the precautions observed in eliminating the adsorbed ammonia in 
the line. This was accomplished in two ways. In some cases it was 
removed by evacuating over a period of fifteen hours, the pumping being 
interrupted from time to time and dry air admitted. Figure 1 shows the 
arrangement that was used in other instances. In these cases the adsorbed 
ammonia was first condensed in bulb A. Stopcock No. 1 was then closed 
during the subsequent condensation from the one-liter bulb. The con- 
densing bulbs were similar to those used in the previous work. Also, 
the ammonia was subjected to the same purification process. Allowance 
was made in all of these experiments for the change in volume of the five- 
liter and the one-liter bulbs with pressure. 

(1) Moles and Batuecas, Anales Soc. EspaB. f5s. quint., 28, 871 (1930). 
(2) Moles and Batuecas, Sitz. Akad. Wiss .  Wien, 138, 779 (1929). 
(3) Dietrichson, Bircher and O'Brien, THIS JOURNAL, 66, 1 (1933). 



Jan., 1933 THE DENSITY OF AMMONIA AT REDUCED PRESSURES 15 

Experimental Data 
Nine determinations were made at  two-thirds of an atmosphere 

the five-liter bulb and six with the one-liter bulb. Table I contains 
using 
these 

To one-liter 
bulb and short 
arm of manome- 
ter. 

Fig. 1.-A, condensing bulb for ammonia in line; B, con- 
densing bulb for ammonia in 1-liter bulb. 

results. The corresponding numbers at  one-third of an atmosphere, as 
shown in Table 11, were fourteen and four. 

TABLE I 

DENSITY OF AMMONIA AT ATM. 
As determined with 6-liter Pyrex bulb As determined with 1-liter Jena glass bulb (baked) 

Approx Approx. 
res. res. 

press., Density, press., Density, 
Expt mm. g.11. Average Expt. mm. g.11. Average 

10 0.0 0.51190 120 0.0 0.511590 
24 . O  .51191 121 .O .511631 
32 . O  ,51201 0.51194 
13 5.0 .51199 122 .O .511609 
14 5.0 .51172 123 .O .511613 
28 5.0 .51185 ,51186 
15 10.0 .51179 124 40.0 .511586 
30 10.0 ,51189 .51184 125 40.0 .511599 0.511605 
31 15.0 ,51166 .51166 

The results obtained with the five-liter Pyrex bulb at the lower pressures 
varied as did those a t  one atmosphere, i. e., the densities decreased with 
increasing residual pressures. However, the limiting values were still 
higher than the densities as later determined with the one-liter bulb which 



As determined with 5-liter Pyrex bulb As determined with 1-liter Jena glass bulb (baked) 
Approx. Approx. 

res. res. 
press., Density, press., Density, 

Expt. mm 1 Average Expt. mm. g.11. Average 

had been baked before being used. Experiments Nos. 120-125 are divided 
into three groups of two each. In Nos. 120-121 the adsorbed ammonia in 
the line was pumped out under conditions as previously described. In 
Nos. 122-123 it was condensed in bulb A. Finally in Nos. 124-125 the 
residual pressure instead of being zero was about 40.0 mm., the absorbed 
ammonia in the line being removed by pumping. It is significant that the 
six density values obtained under these varying conditions agree to within 
slightly less than five parts in fifty thousand. The close agreement 
between the first four and the last two determinations also seemed to 
prove conclusively that the absorption effect in the one-liter bulb, as well 
as in the line, had been eliminated completely. The density at  two-thirds 
of an atmosphere was accordingly considered to be 0.51161 (+0.00001). 

Four density determinations a t  one-third of an atmosphere, Nos. 126- 
129, corresponding to Nos. 120-123 at  two-thirds, resulted in a mean value 
of 0.25458 ( * 0.00001). 

Discussion of Results 
In the paper by Dietrichson, Bircher and O'Brien it was pointed out that 

the density of ammonia could be calculated by means of an equation of the 
form 

Correspondingly, by using experimentally determined densities, it  is 
possible to compute molecular weights and from these in turn atomic 
weights. Obviously in doing this it is necessary to assign values to R, 
To and X. Molecular and atomic weights obtained in this manner will 
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therefore be significant only in so far as these constants, or quantities 
equivalent to them, are accurately known. 

The limitations involved in the above method of determining atomic 
weights, which was originally proposed by Guye, have been admirably set 
forth in a paper by Baxter4 entitled "The Significance of the Density of 
Hydrogen Bromide with Reference to the Atomic Weight of Bromine." 
Attention is called especially to the uncertainty with regard to X which he 
defines by the equation povo/#lvl = 1 + X, i. e., the ratio of the pressure- 
volume product a t  zero pressure to that at one atmosphere, and computed 
from density data at different pressures. As Baxter states, however, various 
procedures have been adopted in extrapolating for the $ 0 ~ 0  products with 
consequent variations in X. The two that are discussed are referred to as 
a "method of secondary differences" and an "algebraic method." In 
effect these are the same mathematically in that both assume a quadratic 
rather than a linear relation. 

In his own subsequent determinations of the density of oxygen, nitrogen 
and the rare gases, Baxter5 obtains the pv/$~vl ratios a t  two or three 
pressures below one atmosphere and then, by using the method of first 
differences, extrapolates each of these to zero pressure for pov~/plvl = 

1 + Xf.& Moles in his papers on ammonia follows essentially the same 
procedure except that he finds d/p, or l/@, for each pressure and applies 
the method of first differences to these values in order to get a limiting 
density, do/po or l/#ovo. Using his notation, the equation is written in 
the form, Lo/LLi,. = 1 + A", which corresponds to 

In this equation pl, vl and dl represent the values of these quantities a t  
one atmosphere and A, vo and do the limiting values a t  zero pressure. 
Moles, as does Baxter, calculates a separate X to correspond to each 
pressure at  which density determinations have been made and takes the 
mean as his final value, As will be illustrated in Table 111, treatment of 
the same set of density data by these two operations does not give identical 
results. That is what one would expect if the pressure-volume product, 
@v or dl#, is a quadratic rather than a linear function of the pressure. 

The situation with regard to the method of differences as applied to 
determining the value of X can possibly best be illustrated by means of 
curves, Fig. 2, showing the variations of pr and of dl$ with # for ammonia. 
If plotted on a sufficiently large scale it is found that, in general, there is 
a curvature. It necessarily follows that extrapolation to zero pressure 

(4) Baxter, Tars JOURNAL, 44, 595 (1922). 
(5) Baxter and Starkweather, Proc. Nat. Acad. Scd., 10,479 (1924); 11,231 (1925); 12, 20 (1926); 

12, 699 (1926); 14, 50 (1928); 15, 441 (1929). 
(6) For the sake of differentiation, the X as defined by Baxter will be designated as X', tha t  by 

Moles as A" and that by the authors of this paper as X"'. 



Density 
NHa NH: 

D. B. 0. and D. 0. R. M. and B. 

g./l. 1 atm. 0.77126 0.77169 
2 / 8  atm. .51161 .51181 
I / z  atm. .38293 

atm. .25458 .25461 

P = a + bp + cfi2 fiv = 1315.403 - pv = 1316.025 - 
17.767P - 1 .  054p2 20.4529 + 0 .  192fi2 

POVO/PIVI = 1 i- A' 1.014901 1.01540 
M = vadn/(l + A') 17.0335 17.0346 
At. wt. N 14.0101 14.0112 
LolL~im. = 1 + X u  1.015003 1.01552 
M = vod,/l + A" 17.0318 17.0323 
At. wt. N 14.0084 14.0089 

(l/Pv)p-o [ d ( f i v ) / d f i ] ~  = A"' 0.015109 0.015249 
M = vod,/(l + A"') 17.0300 17.0372 
At. wt. N 14.0066 14.0138 

becomes increasingly uncertain the greater this effect. In the case of 
ammonia the curvature is quite pronounced, especially with the data as 
reported in this paper. 

The authors feel that the coefficient of deviation from Boyle's law should 
b(lber) be defined as (b) [ IT = A'". An evaluation of h when so defined 

P+O 

naturally necessitates an equation of state in terms of P and v. Using the 
method of least squares, the densities being weighted in proportion to pres- 
sures, the following equation per gram of ammonia a t  O0  was developed. 

PV = 1315.403 - 17.767P - 1.054P2 

For purposes of comparison a similar equation was developed for Moles 
and Batuecas' data on ammonia. Table I11 presents a summary of the 
various computations involved. The value for vo as obtained by Baxter 
and Starkweather in their work on oxygen was used throughout. 

It will be noted that the atomic weight of nitrogen, that of hydrogen being 
assumed to be 1.0078, was found to show considerable variation. It 
appears therefore that the gas density method for the determination of 
atomic weights cannot at present be considered as reliable as that based 
on gravimetric analyses, not because of insufficient accuracy as regards 
the gas densities, but rather because of uncertainties in connection with 
A, R and TO (also vo = RTo). This conclusion is in accordance with that 
stated by Baxter in his paper on hydrogen b r ~ m i d e . ~  

In view of the above considerations it seenis therefore more profitable 
a t  present to use density data for the purpose of determining more accu- 
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rately the value of R, the gas constant and VO, the limiting mold volume 
at 0". This can be done by considering that the constant, a, in the linear 
or quadratic equation is equivalent to RTo/M. In other words, @J = 
RTo/M + bfi or pu = RTo/M + bp + cp2. An evaluation of R and -00 

requires accordingly the constant, a, as obtained from the equation of 

-€-- Pressure, a+&. 
1 2/3 113 o 

0.7590 

0.7600 

1315 0.7610 

0.7620 

0.7630 
1310 

0.7640 

t 0.7650 $ 
1305 0.7660 1 

0.7670 

0.7680 
1300 

0.7690 

0 ' 7700 

1295 

I I I I I I I I I I I I I 1 I ' l . I  1 0.7720 
o 11'3 213 1 

Pressure, atm. --+ 
Fig. 2. 

state and assumed values for To and the atomic weights involved. Table 
IV presents a summary of the calculations that were made with the two 
forms of equation. The constants, a, b and c, were in each case deter- 
mined as previously explained, i. e., by using the method of least squares, 
the densities being weighted in proportion to the pressures. The following 
tabulation indicates the number of density determinations involved. 

Pressures in atm. 1 "a l/z '/3 

NHJ (D. B. and 0. and D. 0. and R.) 4 6 4 
NHI (M. and B.) 39 17 18 23 
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A comparison of R and vo fails to show agreement in the case of either 
form of equation. In view of the known curvature of ammonia in plotting 
$w or d / p  against p one would expect the best results with the second power 
equation. However, it must be kept in mind that a determination of 
these constants by the equation of state method involves again a more or 
less uncertain extrapolation. In other words, it is assumed that the 
curvature between zero and one-third of an atmosphere will be the same 
as that between one-third and one atmosphere. Density data at  still 
lower pressures would obviously be helpful in settling this question. Also, 
additional data on other gases are needed. Among these carbon dioxide 
is of particular interest since the atomic weight of carbon has been deter- 
mined with such accuracy and, furthermore, the proportion of carbon to 
oxygen is small. Density determinations of carbon dioxide by the method 
described in this and the preceding paper are now under way. 

The value of R given in the "International Critical Tables," 82.06 cc. 
atm., is that derived by Keyes7 on the basis of equations of state involving 
the densities of hydrogen, nitrogen, oxygen and carbon dioxide. The 
accuracy, however, is probably not greater than one part in two thousand. 
About the same time Henning8 reported a value of 82.04 (*0.03). 

In connection with the above, attention may be called to the fact that 
the second derivative of the equation derived from the authors' data is 
-2.108, the curvature therefore being convex upward in the range from 
zero to one atmosphere. This is in agreement with the compressibility 
isotherms at  25 and 50" as reported by Meyers and J e s~up ,~  who obtained 
data extending into the low pressure region. 

TABLE IV 
THE GAS CONSTANT, R. AND THE LIMITING MOLAL VOLUME, era 

p v = a + b p  a = R T p / M  To=273.16OK. 
a b M R w - R T o  

NHs (D. B. and 0. and D. 0. and 
R.1 1316.484 -20.066 17.0312 82.081 22,421.3 

NH3 (M. and B.) 1315.940 -20.177 17.0312 82.047 22,412.0 

pv = a  + bp f cpz a = RTo/M T = 273.16OK. 
a b c M R uo-RTo 

NH3 (D. B. and 0. and 
D.  0. and R.) 1315.403 -17.767 -1.054 17.0312 82.015 22,403.2 

NH3 (M. and B.) 1316.025 -20.452 +O. 192 17.0312 82.053 22,413.6 

The equations for these are as follows 
pU250 = 1436.16 - 14.700p - 0.220p2 
pU.mo = 1552.86 - 10.314P - 0.193p2 

The densities obtained by Moles and Batuecas result in a curvature in the 
opposite direction. 

(7) F. G. Keyes, Am. Soc. Refrig. Eng. J . ,  8, 505 (1922). 
(8) F. Henning, Z. Physik, 6, 69 (1921). 
(9) Meyers and Jessup, Refrig. Eng., 11, 345 (1925). 
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Summary 
1. The density of ammonia a t  two-thirds and one-tliird of an atmos- 

phere has been determined and found to be 0.51161 (*0.00001) and 
0.25458 ( +0.00001). 

2. The gas density method for the determination of atomic weights 
has been discussed. 

3. The gas constant, R, and the limiting molal volume, vo, have been 
computed by means of linear and quadratic equations of state developed 
on the basis of density data for ammonia as determined by the authors 
and by Moles and Batuecas. 

CAMBRIDGE, MASSACHUSETTS RECEIVED MAY 20, 1932 
PUBLISHED JANUARY 11, 1933 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY O F  BROWN UNIVERSITY] 

Properties of Electrolytic Solutions. I. Conductance as 
Influenced by the Dielectric Constant of the Solvent Medium1 

I. Introduction 
While solutions of electrolytes in solvents of high and of intermediate 

dielectric constant have been studied extensively, similar solutions in 
solvents of very low dielectric constant have not been investigated sys- 
tematically. We know only that such solutions generally are poor con- 
ductors and that the equivalent conductance falls rapidly with decreasing 
concentration. 

In addition to a number of isolated observations on the conductance of 
solutions in benzene13 and several series of measurements relating to the 
conductance of complex compounds in various solvents at  relatively high 
concentrations14 the literature includes two important papers by Walden 
and his co-workers, who investigatedK the conductance of a variety of 
salts in benzene, ether, carbon tetrachloride and similar solvents. Ac- 
cording to Walden's measurements, the equivalent conductance of solu- 

(1) This paper comprises a part of the subject matter of a thesis submitted by Raymond M Fuoss 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy in the Graduate School of 
Brown University. 

(2) Jesse Metcalf Fellow in Chemistry in Brown University, 1931-1932 
(3) Kablukov, Z. physik. Chem., 4, 430 (1889), hydrogen chloride in ether and in benzene; Cady 

and Lichtenwalter, THIS JOURNAL, 35, 1434 (1913); Cady and Baldwin, zbzd., 43, 646 (1921), heavy 
metal soaps in benzene; La Mer and Downes, ibid , 53,888 (1931). conductilnetric titrations in benzene: 
Hill, ibzd., 44, 1164 (1922), silver perchlorate in benzene 

(4) Complexes in ether, Plotnikov, Z. phystk. Chem., 57, 502 (1906); Ussanowitsch, i b i d ,  124, 
427 (1926): Bruns, Z. anorg. allgem. Chem., 163, 120 (1927), complexes in bromine, Plotnikov, Z. 
Ohyslk Chem., 116, 111 (1925); Finkelstein, ibid. ,  121, 46 (1926), Plotnikov and Jakubson, zbid , 138, 
235 (1928); Plotnikov and Kudra, ibid , 145, 625 (1929); complexes in toluene, xylene, and benzene, 
Plotnikov and Jakubson, ibid. ,  147, 227 (1930); Jakubson, rbrd., 118, 31 (1925); Rabinowitch, zbtd,  
132, 83 (1928) 

(5) Walden, Bull. Acad. Imp. Sci. St. P e l ,  7 ,  934 (1913); Walden, Z physrk Chem., 147, 1 (1930) 
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tions of quaternary arnnioniu~n salts in benzene falls off sliarply with in- 
creasing concentration over the concentration range studied, namely, 
0.1-0.03 N. In solvents of somewhat higher dielectric constant, the con- 
ductance passes through a minimum a t  moderate concentration and there- 
after increases. 

It is uncertain whether or not the equivalent conductance of electrolytes 
in benzene and similar solvents continues to fall indefinitely as the con- 
centration decreases; the laws governing the conductance phenomenon in 
solvents of low dielectric constant are yet to  be established. While the 
influence of the dielectric constant on conductance is satisfactorily ac- 
counted for by the interionic attraction theory in solvents of high dielectric 
constant, i t  is not known to what extent interionic forces are primarily 
concerned in solvents of low dielectric constant. Nor is it known to what 
extent a mass action effect may he involved. The present investigation 
was undertaken in order to obtain experimental information bearing on 
these auestions. 

Benzene and dioxane ( C-O ) were chosen as solvents of 
very low dielectric constant. Solvents of any desired higher dielectric 
constant were obtained by adding solvents of high dielectric constant in 
proper proportion. For this purpose, water and ethylene dichloride were 
used. The conductance phenomenon has thus been studied in mixtures of 
dioxane and water over a dielectric constant range from 2.2 to 79 and in 
mixtures of ethylene dichloride with dioxane and with benzene over the 
range from 2.2 to 10.4. 

Tetraisoamylammonium nitrate and thiocyanate and tri-isoamylam- 
monium picrate were employed as electrolytes; the first two are strong 
electrolytes, while the last is a relatively weak electrolyte. The con- 
ductances in the various pure and mixed solvents were determined over the 
(approximate) concentration range 0.00001-0.2 N, which was sufficient to 
establish the general characteristics of the conductance curves. 

Because of the very low conductance of the more dilute solutions in 
solvents of low dielectric constant, the resistances were measured by means 
of a direct current galvanometric method. While the precision of this 
method is only approximately I%, the results obtained with i t  are reliable 
within this limit as was shown by checking against results obtained by the 
usual alternating current method. 

11. Materials 
Tetraisoamylammonium Salts.-The iodide is best prepared as follows. An equiva- 

lent mixture of tri-isoamylamine and isoamyl iodide is introduced into a long tube 
which is then heated near the top to about 150'. As crystals of the salt form, they 
fall to the cooler region at the bottom, thus avoiding much of the decomposition which 
occurs if the salt is heated to higher temperature for an appreciable length of time. The 
product is washed with petroleum ether, and treated with potassium hydroxide in al- 
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coholic sol11tio11 to deconiposc any tertiary salt that may have formed during the heating. 
The salt is then precipitated by pouring the solution into water. After washing and 
drying, and rewashing with petroleun~ ether, a product is obtained which melts a t  115". 
This material, after several recrystallizations from a mixture of anhydrous ethyl acetate 
and petroleum ether, yielded a product melting a t  136 O 

Anal. Subs., 0.3499, 0.4051, 0.4530: AgI, 0.1933, 0.2240, 0.2498 Calcd. for 
ICSHI~)~NI: I, 29.85. Found: 29.87, 29.88, 29.81, av., 29.86. 

Tetraisoamylammoniuin nitrate was prepared by treating the iodide with an 
exact equivalent of silver nitrate in alcoholic solution After filtering out the silver 
iodide, the solution was allowed to evaporate a t  room temperature, and the product was 
recrystallized from a mixture of anhydrous ethyl acetate and petroleum ether. 

Tetraisoamylan~moniu~n thiocymate was prepared by dissolving the nitrate in 
absolute alcohol and adding an exact equivalent of an analyzed solution of potassiur~i 
thiocyanate in absolute alcohol. After filtering and evaporating the solution, the salt 
was recrystallized from anhydrous ethyl acetate and petroleum ether. 

Anal. Subs., 0.8857, 0.5031: AgSCN, 0.4158, 0.2350. Calcd. for (CsHll)NSCN: 
SCN, 16.29. Found: 16.42, 16.34. 

In the first analysis, the silver nitrate was dissolved in water; in the second, the 
precipitation and first washing were carried out with alcohol. Since tetraisoamylam- 
monium thiocyanate is only sparingly soluble in water, co-precipitation of the quaternary 
salt apparently occurred 

It may be mentioned that the iodide is only sparingly soluble in water, the bromide 
may be recrystallized from water, while the chloride is extremely soluble and is very 
hygroscopic. 

Tri-isoamylammonium picrate was prepared by adding a saturated hot alcoholic 
solution of picric acid to a slight excess of tri-isoamylamine. The crude product, which 
crystallizes from the alcohol almost completely on cooling, was recrystallized from 
ethylene dichloride and petroleum ether. 

Dioxane was purified according to Vingee's m e t h ~ d . ~  The technical product was 
cooked with caustic soda, dried over barium oxide, and subsequently distilled fractionally 
from sodium-lead alloy (NaPb). The middle fraction (about 90% of the total) was 
dissolved in liquid ammonia and treated with metallic sodium to remove various re- 
ducible impuritie~.~ After boiling off the ammonia, the dioxane was redistilled and 
stored over sodium-lead alloy in a still from which it could be distilled directly into the 
conductance cells; m. p. 11.7'. 

Benzene.-Thiophene-free benzene was washed with concentrated sulfuric acid, 
water, dilute potassium hydroxide solution and water. After drying, it was fractionally 
crystallized and stored in a still similar to the one used for dioxane; m. p. 5.43 '. 

Ethylene dichloride was distilled from phosphorus pentoxide. The middle fraction 
was stored over phosphorus pentoxide in one of the supply stills; b. p. 82.4' a t  747 mm. 

111. Apparatus and Method 
Electrical Equipment.-Resistances up to 100,000 ohms were measured by the alter- 

nating current method. The apparatus was of the conventional type, comprising a drum 
wound bridge, a Vredand oscillator, a set of Curtis resistance coils up to 100,000 ohms, 
condensers for balancing out capacity effects, a two-stage amplifier and telephones. 

Higher resistances were measured by a direct current method, which essentially 

(6) Vingee, Thesis, Brown University, 1931. 
(7) According to  a later procedure of Vingee, the impurities are removed by boiling the dioxane 

with metallic sodium, after previous treatment with sodium hydroxide and desiccation with barium 
oxide This procedure is much more convenient than the treatment in ammonia. 
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amounted to using a galvanometer as ammeter, and computing the cell resistance by 
Ohm's law from the current so determined and the voltage applied to the conductance 
cells. Two galvanometers were used. The first (GI) had a resistance of 15.6 ohms and 
a sensitivity of 3 X amp./cm., the second (Gz) had a resistance of 913 ohms and a 
sensitivity of 4 X 10-lo amp./cm. The galvanometers were mounted on Julius sus- 
pensions, and covered with copper shields having windows opposite the mirrors. The 
sensitivity of the galvanometers was determined a t  frequent ~ntervals during each ex- 
periment. By means of a suitable resistance in series and shunt with the galvanometers, 

any input current from to 
amperes could be adjusted to  give full 
scale deflection (25 cm.). 

The d. c. circuit is shown in Fig. 1. 
Two 0-10,000 ohm resistances Re and 
R7 were used to control the sensitivity 
of galvanometer G. An Ayrton shunt 
R4 (1-100,000 ohms) was used with 
the high sensitivity galvanometer Gz; 
an  auxiliary shunt h (0-10,000 ohms) 
and a shorting switch for half of the 
Ayrton coil gave intermediate steps 
between t h e  ten-fold s e n s i t i v i t y  
changes obtained by H4 alone. The 
calibrating circuit included a dry cell 
El, potentiometer (leads) P and re- 
sistances R1 (1,000,000 ohms), Rt 
(10,000 ohms) and RJ (1 ohm) All 
resistances were calibrated to 0.1%. 

The reversing switch permits the 
average of right and left swings to be 

Fig. 1.-Direct current equipment: GI, 15.6- taken and avoids zero point correction 

ohm galvanometer; G2, 913-ohm galvanometer; as well as permanent distortion of the 

Rs, Re, R7, 0-10,000-ohm variable resistances; suspension due re- 
R4, l-lOO,OOO-ohm Ayrton shunt; El, 1 5-volt peated in One direction. 

dry cell; P, potentiometer leads; Rt, 1,000,000 The ga~vanometerdeflectionscould be 
ohms; Rz, 10,000 ohms; Ra, 1 ohm; El, 150-volt read to 0'3 mm.' but were not repro- 
storage battery; V, Weston voltmeter. ducible to less than 1 mm. (out of the 

total ddection of 250 mm.), probably 
due to stray currents of various kinds in the control resistances. These were reduced 
t o  a minimum by keeping the total resistance of the galvanometer circuit as high as 
conveniently possible. One centimeter deflection on the 913-ohm galvanometer corre- 
sponded to a resistance of 4 X 1011 ohms, and a conductance of 5 X 10-l4 mhos (for a 
cell with a constant equal to  0.02 and using 150 volts). 

The source of current was a battery of 72 lead storage cells which were used when 
the e. m. f. was on the flat part of the discharge curve. The errors due to  internal re- 
sistance of the battery and to  polarization of the conductance cell (that is, in assuming 
that  the voltage read on the Weston voltmeter V was the e. m. f. producing the current 
measured on the galvanometers) were determined and found to be less than one per cent., 
provided a t  least 150 volts were used. All lead wires were insulated by means of paraf- 
fined glass tubes, and the thermostat liquid in which the conductance cell was placed 
was a good grade of high flash petroleum oil. Practically no error was introduced by 
faulty insulation; the leakage corresponded to  1-3 mm. on the high sensitivity gal- 
vanometer in the most unfavorable cases, and was considered in the corrections. 
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The results of the alternating and direct current methods of measuxement were 
compared directly for resistances of the order of 100,000 ohms. Lower resistances 
could not be measured with the d. c. method on account of the relatively high currents, 
while higher resistances could not be measured with the a. c. method without unbalanc- 
ing the bridge. Indirect comparisons of the two methods were obtained, however, by 
measuring the ratio of the cell constants of several cells, first at  low resistances (1000- 
10,000 ohms) by the a. c. method and second at  high resistances (1-10 megohms) by the 
d. c, method. The a. c. and d. c. results agreed within i% for both direct and indirect 
comparison. 

Conductance Cells and Accessories.-The cells were constructed from Pyrex 
Erlenmeyer flasks by sealing side bulbs containing electrodes to the bottoms of the flasks. 
Long (20 X 0.8 cm.) necks with ground-glass stoppers were attached to the flasks in 
order to minimize the diffusion of moisture into the cells during introduction of solution. 
The necks were ground to fit the delivery tubes from the various solvent stills. The 
electrodes were lightly platinized; heavy platinization caused considerable adsorption in 
dilute solutions, while bright electrodes failed to give steady d. c. resistances. The cells 
were calibrated by comparing them against each other and against a specially con- 
structed calibration cell whose constant was determined, using Parker's8 data for 0.1 
demal potassium chloride solution. The cell constants are given in Table I. 

CELL CONSTANTS 

Cell Determined constant Average 

Calibration 21.626 21.635" 21.63 
125 cc. 0.17790 0.17780 0.17769 0.1777 
250 cc. (first) .02544 .02552 .02548 
250 cc. (second) .015624 .015649 .01564 
500 cc. .I9378 .I9369 .I9369 .I937 

" Two separately prepared KC1 solutions. 

The purified solvents were stored in 3-liter Pyrex flasks, to which were sealed reflux 
columns and condensers. To the delivery tube of each condenser was sealed a 30-cc. 
bulb containing electrodes (cell constants 0.02 to 0.03). which permitted control of the 
specific conductance of the solvent as distilled and before admitting it to the conductance 
cell. Siphons from the test bulbs were provided with ground-glass joints which fitted 
the necks of the cells. The best figures for solvent conductance were as follows: di- 
oxane, 5 X 10-15; benzene, < 3 X 10-16; ethylene dichloride, 3 X 10-lo mhos. In  
each experiment, the solvent conductance was determined before adding solute and was 
subtracted from the observed conductance if the correction exceeded 0.5%. The cells 
were immersed in a thermostat kept a t  25.00 .t 0.02'. When room temperature was 
under 25", the necks of the cells were kept at  about 35" by an electrically heated cap 
in order to prevent solvent from distilling into the necks. Precautions were taken to 
keep the glassware dry. 

Method.-After making up solutions in different ways and comparing the results 
in order to locate and avoid any systematic errors in determining concentration, the 
following method was adopted. Solvent was distilled into one of the larger cells and 
a small portion of this was pumped by dry air pressure onto a weighed quantity of salt, 
in the small cell. The amount of solvent in each cell was determined by weighing. 
After diluting several times, the final solution (A) in the small cell was pumped into a 
weight buret, and increasing portions of this solution were weighed into the solvent in 
the first cell. For very dilute solutions, about one gram of solution (A) was weighed 

(8) Parker and Parker, TEIS JOURNAL. 46, 332 (1924). 



from a pycnometer into about 60 g. of solvent in a weight buret, and this was, in turn, 
weighed into the first cell in sk  to eight portions before starting to weigh in the remainder 
of solution (A). 

Specific gravities were determined by means of a Westphal balance, and normalities 
were computed from the known weight concentrations. 

IV. Results 
The experimental results are summarized in Tables 11-XI, where c is 

concentration in equivalents of solute per liter of solution, and A is equiva- 
lent conductance. The values given in these tables were obtained by 
interpolation (and occasional extrapolation over a small distadce) of the 
actual results on a large-scale log A-log c plot. The round concentra- 
tions chosen correspond to approximately equal steps on a log c scale, 
spaced at about the same ratio as the experimental dilution ratio. There 
are, of course, certain disadvantages in reporting only interpolated values, 
particularly when the interpolation function is arbitrary and not monotonic, 
but compact presentation of the large number (about fifty series of con- 
ductance measurements) of determinations could not otherwise have been 
achieved. For discussion and comparison, the conductance curves for 
the various systems investigated are shown in Figs. 2-5, where the open 
circles represent the observed values. 

The conductance values for tetraisoamylammonium nitrate in dioxane 
are given in Table I1 and are shown graphically in Fig. 2 where log A is 
plotted against log c. Nine series of measurements were made in order 
to test the reproducibility of the results and the reliability of the methods. 
In the first three series covering the dilute region, the conductance at  
concentrations below was somewhat erratic; this appeared to be due 
to impurities in the solvent, because the solvent conductance was about 
4 X 10-Is. After re-treating the dioxane with sodium in liquid ammonia, 
and refluxing for about twenty hours over sodium-lead alloy, the solvent 
conductance was reduced to less than 2 X 10-14. Measurements made 
in the dilute region with the re-treated dioxane gave consistent results. 
The conductance curve exhibited an unexpected complexity in structure, 

TABLE I1 
TETRAISOAMYLAMMONIUM NITRATE IN DIOXANE 

c A c A c A 

0. O ~ I O  0. 0431 0. 0350 0. 03129 0.015 0. 0~832 
. 0415 . 0428 . 0370 . 03162 .020 . 02125 
. O~ZO . 0427 . 0210 . 03193 .030 . 02261 
. 0430 . 0427 . 0215 . 0323 1 .050 . 02958 
. 0450 . 0430 . 0220 . 03259 .070 .0204 
. 0470 . 0434 . 030 . 03306 .lo0 .0367 
. o3l0 . 04414 . 0250 . 03376 .I50 .0596 
. 0315 . 04526 . 0270 . 03452 .200 .0768 
. 030 . 04635 .010 . 03569 .300 .lo05 
.0330 . 04861 
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but repeated determinations with different cells and with different methods 
of changing concentration were in agreement. Later, a similar structure, 

TABLE I11 

TETRAISOAMYLAMMONI~IVI NITRATE IN DIOXANE-WATER MIXTURES 

HzO, % 0.034 0.112 0.343 0.602 2 35 
6 A A A A A 

0.0410 0. 0430 0. 0434 . . .  0. 03150 0.0102 
. 0415 . 0429 . 0433 . . . . .  . 03133 . 02852 
. 0 ~ 2 0  . 0428 . 0433 0. 0461 . 03124 . 02745 
. 0430 . 0429 . 0434 . 0460 . 03115 . 02618 
. 0450 . 0433 . 0438 . 0460 . 03108 . 02496 
. 0470 . 0437 . 0442 . 0462 . 03107 . 02431 
. 0 ~ 1 0  . 04442 . 04485 . 04670 . 03108 .02374 
. 0315 . 04560 . 04598 . 04761 . 03114 . 02322 
,0320 . 04676 . 04708 . 04863 . 03123 . 02292 
0330 . 04902 . 04930 . 03109 . 03143 . 02261 
0350 . 03132 . 03138 . 03156 . 03188 . 02231 

. 0370 . 03166 . 03176 .o3202 . 03243 . 02224 

. 0210 .0&?04 . 03225 . 03272 . . . .  . 02227 

. 0215 . 03247 . . . .  . 03380 .... . . . .  

. 0220 .0&?79 . . . . . . .  . . .  



namely, three inflection points in the moderately concentrated region, 
was obtained for other systems. 

Conductance values for tetraisoamylammonium nitrate in various mix- 
tures of dioxane and water are given in Tables 111-V. Round concentra- 
tions c are given in the first columns and interpolated equivalent conduct- 
ances A are given in the other columns. The weight percentages of water 
in the mixed solvents are given at  the head of each conductance column. 
The solvent conductances are given in the last column of Table XII. 
These mixtures correspond to solvents whose dielectric constants range 
from 2.2, that of d i~xane ,~  to 78.6, that of water.1° Table 111 covers the 
low range of dielectric constant, Table IV the intermediate range, and 
Table V includes the conductance in water. The conductance data for 
these mixtures are shown on a log c-log A plot in Fig. 3. These curves 
will be discussed below but it may be pointed out here that at  a concen- 
tration of lov5 N the equivalent conductance changes over a million-fold 
as the dielectric constant of the solvent changes in the ratio of 2.2 to 78.6. 
It will be noted that minima appear in the conductance curves for low 
and intermediate values of the dielectric constant. The values of the 
minimum conductances and the corresponding concentrations are given in 
Table VI. 

TABLE VI 
MINIMUM CONDUCTANCES FOR TETRAISOAMYLAMMONIUM NITRATE IN DIOXANE-WATER 

MIXTURES 

yo Water Amin. Nmin. yo Water Amin. Nnin. 

0.112 0.04335 0 .  0418 4.01 0.0178 0 .  0225 
.343 . 04595 . 0440 6.37 .I59 . 0250 
.602 . 03107 . 0480 9.50 1.07 . 0290 

1.242 . 03364 . 03.25 14.95 5.60 .025 
2.35 . 02224 . O370 

In order to find whether any of the characteristics of the curves were 
specifically due to water, the conductance of tetraisoamylammonium 
nitrate was determined in ethylene dichloride and in a mixture of ethylene 

TABLE VII 
TETRAISOAMYLAMMONIUM NITRATE IN ETHYLENE DICHLORIDE 

c A 6 A c A 

0. 0450 50.1 0.0210 22.9 0.015 10.45 
. 0470 47.1 . 0215 20 .2  .020 9.90 
. 0 ~ 1 0  43.6 . 0220 18.4 .030 9.40 
. 0315 39.6 . 0230 16.15 .050 8.90 
. 0 ~ 2 0  36.8 . 0250 13.80 .070 8.65 
. 0330 33.0 . 0270 12.50 . lo0  8.40 
. 0350 28.4 .010 11.45 .I50 8.20 
. 0370 25.6 

(9) J. W. Williams, Tars JOURNAL, 62, 1831 (1930). 
(10) Drake, Pierce and Dow, Phys. Rev., 86, 613 (1930). 
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TABLE VIII 
TETRAISOAMYLAMMONIWM NITRATE IN DIOXANE-ETHYLENE DICHLORIDE 

(22.9% C*H,Cl%) 
c A c A c A 

0.0.530 0.0638 0. 0450 0.0168 0. 0350 0.0086 
. 0550 .0496 . 0470 .0147 . 0370 .0084 
. 0570 .0417 . o3l0 .0129 . 0210 .0086 
. 0 ~ 1 0  .0350 . 0315 .0112 . 0215 .OW3 
. 0415 .0286 . 0 ~ 2 0  .0103 . 0220 .0103 
. 0 ~ 2 0  .0251 . 0330 .0093 . 0230 .0126 
. 0430 .0209 

dichloride and dioxane with a dielectric constant of 2.45. Walden'sll 
value for the dielectric constant of ethylene dichloride is 10.4. These 
results are given in Tables VII and VIII. 

Tetraisoamylammonium thiocyanate, which is much more soluble in 
benzene than the nitrate, was next investigated in order to permit a com- 

TABLE IX TABLE X 
TETRAISOAMYLAMMONIUM THIOCY ANATE IN TRI-ISOAMYLAMMONIUM PICRATE IN ETHYL- 
DIOXANE, IN BENZENE AND IN BENZENE- ENE DICHLORIDE, IN BENZENE, AND IN 

ETHYLENE DICHLORIDE (13.13% ETHYLENE BENZENE-ETHYLENE DICHLORIDE (21.2% 
DICHLORIDE) ETHYLENE DICHLORIDE) 

Ethylene 
Dioxane Benzene Mixture dichloride Benzene Mixture 

6 A A A c A A A 

0.0~10 ..... ..... 0. 02254 0.0~10 . . . . . . . . .  0.0~140 
. . . . . . . . . . .  .0415 ..... ..... .02219 0315 03114 

. 0420 0.0434 0.0495 .02198 .0,320 0.842 . . . . . .  04987 
.0430 .0434 .03100 .02180 . 0330 .700 . . . . . .  04813 
.0450 .0437 .03133 .02170 .0350 .556 . . . . . .  04654 
.0470 . 0440 . 03172 .02170 . 0370 .475 . . . . . .  04577 
. 0310 . 04455 .33232 .02176 .0210 .403 0.06269 .04517 
,0315 .04560 .03328 .02189 .0215 .335 .06288 .04472 
.0320 .04666 .03412 .02207 .0220 .293 .06324 .04452 
.0330 .04882 .03530 .02245 .0230 .244 .06408 .04442 
.0350 .03136 .03661 .02331 .0250 .I94 .06624 .04455 
.O370 .03187 .03733 .02422 .0270 .I68 . 06925 .04490 
.O210 .03257 .03810 .02544 .010 .I430 .05154 .04556 
.0215 .03347 .03898 .02725 .015 .I220 .05311 .04708 
.0220 .03417 . 03967 .02868 .020 .I098 .05550 .04908 
.0230 .03532 .02110 .0111 .030 .0985 . 04140 .03143 
.0250 .03735 .02137 .0153 .050 .0903 .04566 .03320 
.0270 .03936 .02171 .0195 .070 .0891 .03159 .03628 
.010 .02129 .02237 .0260 .lo0 .0903 .03507 .02140 
.015 .02209 .02400 .0385 .I50 .0973 ..... ..... 
.020 .02331 . 02634 .0519 .200 .I136 ..... ..... 
030 .02712 .0130 .0794 .300 .I310 ..... . . . . .  

,050 ,0199 .0257 .I274 
.070 .0347 .0351 ..... 
.I00 ,0617 .0463 ..... 
(11) Walden, Z. physik. Chem., 70, 569 (1909). 
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parison of conductance values in different solvents of very low dielectric 
constant. Interpolated conductance data are given in Table I X  for solu- 
tions of the thiocyanate: in dioxane, column 2; in benzene, column 3 and 
in a mixture of benzene and ethylene dichloride, with a dielectric constant 
of 2.8, column 4. 

It was considered desirable, for purposes of comparison, to determine 
the characteristics of the conductance curve of a weak salt. Accordingly, 
tri-isoamylammonium picrate was investigated in benzene, in ethylene 
dichloride and in a mixture of these solvents having a dielectric constant of 
3.1. The results are given in Table X.  

The temperature coefficient of the conductance of tetraisoamylam- 
monium nitrate in dioxane was determined a t  several concentrations, over 
the temperature range 18-35'. The results are summarized in Table XI. 
The concentration M for each series is given as moles of salt per kilo of 
solvent, and may be converted to normality by means of the equation 

d = 1.029 - 0.0248 M - 0.00105 (t  - 25') 

where d is the density, M weight .concentration and t the temperature. 
The temperature coefficients are all positive, and decrease with increasing 
temperature. They depend markedly on concentration: the average 

TABLE XI 
TEMPERATURE COEFFICIENTS FOR TETRAISOAMYLAMMONIUM NITRATE IN DIOXANE 

t. OC. A x 104 loo A log .I/ A# t. OC. A x 10' loo A 10g A/ ~t 

M - 0.001064 M = 0.01038 
18.40 1.573 18.58 4.35 

1.91 2.48 
23.93 2.005 23.80 5.87 

1.71 2.29 
29.49 2.497 29.29 7.84 

1.62 2.22 
34.95 3.061 34.75 10.37 

M = 0.002313 M = 0.0557 
18.36 2.072 18.76 98.5 

2.23 1.99 
23.91 2.755 23.96 125 

2. 10 1.90 
29.47 3.606 29.50 159 

1.91 1.76 
34.80 4.557 34.65 196 

M = 0.00773 M = 0.1111 
18.42 3.43 18.53 334 

2.51 1.61 
23.81 4.68 23.50 402 

2.28 1.55 
29.31 6.26 29.55 499 

2.18 1.47 
34.85 8.25 34.71 550 
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value of A log A / A t  has a maximum at about 0.02 N, from which i t  de- 
creases slowly toward higher and rapidly toward lower concentrations. 

For purposes of comparison, the dielectric constants of the various 
mixtures together with those of the pure solvents are given in Table XI1.l2 

TABLE XI1 
D I E L E C ~ C  CCNSTANTS 

Composition of solvent 
C h H 8 0 2  He0 

100.0 0 .0  
99.89 .I12 
99.66 ,343 
99.40 .GO2 
98.76 1 ,242 
97.65 2.35 
95.99 4.01 
93.63 6.37 
90.50 9.50 
85.05 14.95 
79.77 20.23 
47.0 53.0 
0 .0  100.0 

Dielectric 
constant 

2.20 
2.25 
2 . 3  
2 . 4  
2 .6  
2 .9  
3 .5  
4 . 4  
5 . 8  
9 . 0  

12 
37 
78.6 

Solvent 
conductance 

0 .  0132 
.0133 
.0135 
-0135 
- 0122 
.0118 . 092 
, 0 9 8  
. 0744 
. 0617 
.0'330 
.0690 
. 0525 

V. Discussion 

The conductance of tetraisoamylammoniurn nitrate in dioxane is shown 
graphically in Fig. 2, where the logarithms of equivalent conductance and 
of concentration are plotted as ordinates and abscissas, respectively. 
This curve is typical of solutions of strong electrolytes in solvents of very 
low dielectric constant. The conductivity falls off continuously, although 
a t  varying rate, to concentrations well below N. Indeed, if measure- 
ments had been carried only to this concentration, it might have been 
inferred that the conductance was approaching zero as the limiting value. 
Actually, however, below N, the rate of decrease diminishes and there 
is evidence of a minimum in the conductance curve in the neighborhood of 
2 X N.  What form the conductance curve may have a t  concentra- 
tions below the minimum point in the solvents of lowest dielectric constant 
could not be ascertained by the method employed in this investigation. 
Measurements in solvents of slightly higher dielectric constant, however, 

(12) For the dielectric constants of the mixtures, we are indebted to Mr. G. S. Hooper, of this 
Laboratory, who kindly carried through a series of measurements for us. 
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indicate that, after passing through a minimum point, the conductance 
increases with decreasing concentration in regular manner. 

The curve a t  higher concentration is quite complex, since i t  exhibits 
three inflection points. The decreasing slope of the curve with increasing 
concentration a t  high concentrations may be accounted for on the as- 
sumption that the ion mobilities are decreasing, owing to the rapidly in- 
creasing viscosity of the solutions. Although the viscosities were not 
measured, it was quite evident that the viscosity of these solutions increases 
rapidly with increasing concentration. The complex structure of the 
remainder of the curve remains unaccounted for. Such a structure is 

Log c. 
Fig. 2.-Tetraisoamylammonium nitrate in dioxane. 

seemingly found only in the case of the strongest electrolytes and is not 
dependent upon the particular solvent employed, so long as the dielectric 
constant is sufficiently low. Thus, a similar curve is found for tetraiso- 
amylammonium thiocyanate in dioxane (Fig. 4, Curve V) and for the 
same salt in benzene (Fig. 4, Curve IV). On the other hand, a weaker 
electrolyte, tri-isoamylammonium picrate, yields a curve in which inflec- 
tion points are absent (Fig. 5, Curve V). 

Incidentally, it may be pointed out that conductance values as deter- 
mined by the alternating and by the direct current method are in excellent 
agreement. In Fig. 2, the open circles represent points determined by the 
alternating current method, while the other circles represent points deter- 
mined by the direct current method. The black circles and the various 
half-shaded circles represent independent series of direct current measure- 
ments in which the methods of carrying out the dilution were varied. As 
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may be seen from the figure, the various determinations are consistent. 
We may conclude, therefore, that the direct current method yields reliable 
results and that, even in solvents of dielectric constant as low as 2.2, the 
conductance curve passes through a minimum at very low concentration. 

The influence of the dielectric constant of the solvent medium as well 
as the influence of specific factors upon the conductance of solutions is of 
considerable interest. By the methods employed, it was possible to ex- 
tend the measurements to concentrations sufficiently low to permit deter- 
mination of the general course of the curve at  concentrations below the 
minimum point. This is well 
illustrated in Fig. 3 for solu- 2.0 

tions of tetraisoamylammo- 
nium nitrate in varying mix- 1.0 

tures of dioxane and water. 
Dioxane was purposely se- 
lected as solvent, since it is 0.0 

completely miscible with water 
and thus permits of a continu- T.0 
ous increase of the dielectric 
constant of the medium from 3 - 
that of dioxane, 2.2, to that of 2.0 

water 78.6. The composition 
of various mixtures in weight 5.0 
percentages of water is indi- 
cated on the figure. - 

4.0 
It will be seen from the figure 

that, on addition of water to - 
dioxane, the conductance is in- 5.O - - - - - - 

creased and the complex struc- 6.5 5.5 4.5 3.5 2.5 1.5 
Log c. 

ture of the curve at higher Fig. 3.-Tetraisoamylammonium nitrate in di- 
becomes less oxane-water mixtures. (Weight per cent. of water 

pronounced and ultimately given opposite corresponding curve.) 
disappears. The eccentricities 
in the conductance curve a t  higher concentration, while still noticeable a t  
a concentration of 1.24% of water, have disappeared when the concentra- 
tion of water reaches 4.0%. In the meantime, the minimum point has 
shifted toward higher concentration, namely, from 2 X in pure di- 
oxane (D = 2.2)) to 3 X N at 4% of water (D = 3.5). As the di- 
electric constant of the medium increases with increasing concentration of 
water, the minimum point shifts more and more toward higher concentra- 
tion and becomes less and less pronounced in that the approach from the 
high concentration side becomes less steep. It ultimately disappears for a 
mixture containing 20% of water (D = 12). The form of the conductance 
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curve beyond the minimum point (toward lower concentration) remains 
unchanged as the dielectric constant increases and is practically linear on 
a logarithmic plot. For mixtures having dielectric constants above 12, the 
conductance curves are displaced chiefly by an increase of conductance in 
the more concentrated region and the curves approximate those of strong 
electrolytes in water. 

There is no sharp shift in the conductance curve on the initial addition 
of water. The controlling factor seems to be the dielectric constant of the 
medium, for the form of the curves and the value of the conductance a t  a 
given concentration is practically the same whether the change in dielectric 
constant is brought about by the addition of water or of ethylene dichloride. 

Log c. 
Fig. 4.~1, Tetraisoamylammonium nitrate in dioxane contain- 

ing22.9yo ethylene dichloride; 11, tetraisoamylammonium nitrate 
in dioxane containing 2.35y0 water; 111, tetraisoamylammonium 
thiocyanate in benzene containing 13.13% ethylene dichloride; 
IV, tetraisoamylammonium thiocyanate in benzene; V, tetra- 
isoamylammonium thiocyanate in dioxane. 

This is well illustrated in Fig. 4, Curves I and 11. The first curve is that 
of solutions of tetraisoarnylammonium nitrate in a mixture of dioxane and 
ethylene dichloride (D = 2.45) and the second in a mixture of dioxane 
and water (D = 2.9). Both curves have a minimum point in the neighbor- 
hood of N and both curves are practically linear and parallel at  lower 
concentrations. The ethylene dichloride mixture is a considerably better 
conductor than the water mixture, but this is in a large measure due to the 
much lower viscosity of the former mixture. Curve 111, Fig. 4, is for 
tetraisoamylammonium thiocyanate in an ethylene dichloride-benzene 
mixture, of dielectric constant 2.8, and it will be noted that the curve 
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approximates that of tetraisoamylammonium nitrate in a dioxane-water 
mixture, of dielectric constant 2.6 (Curve 1.24, Fig. 3), except for a vertical 
displacement, presumably due to the difference in solvent viscosities. 
Curves IV and V, Fig. 4, represent the conductance of tetraisoamyl- 
ammonium thiocyanate in benzene and dioxane, respectively. The struc- 
ture of the two curves is much the same and, at  low concentrations, the 
conductance values in the more fluid benzene are the higher. Quite unex- 
pectedly, therefore, specific z.o 
influences due to the solvent 
medium are  absent, if we 
leave out of account viscosity 
effects. 

0.0 
The conductance curve of 

tri-isoamylammonium pic- - 
1.0 

rate, a weak electrolyte, dif- 
fers markedly from that of - 
strong electrolytes. This will -2 2.0 

be evident on comparing 3- 
Curve V, Fig. 5, for this elec- 3.0 

t ro lyte  in  benzene with - 
Curves IV and V, Fig. 4, for 4.0 

tetraisoamylammonium thio- - 
cyanate in benzene and di- 5.0 
oxane or with the curve for 
tetraisoamylammonium ni- G.o 
trate in dioxane, Fig. 2. It 
will be noted that the con- 7 0 1  - - - - - 
ductance of tri-isoamylam- 6.0 5.0 4.0 3.0 2.0 1.0 0.0 

Log c. monium picrate in benzene is 
Fig. 5.-I, Tetraisoamylammonium nitrate in 

far that of ethylene dichloride; 11, tri-isoamylammonium pic 
am~lammonium thiOc~anate rate in ethylene dichloride; 111, tetraisoamylam- 
in the same solvent a t  corre- monium nitrate in dioxane containing 22.9% ethyl- 
spending coneen t r a t i  ens. ene dichloride; IV, tri-isoamylammonium picrate in 
~ h ~ ~ ,  at 10-3 N, the benzene containing 21.2% ethylene dichloride; V, 

ance of the first electrolyte in tri-isoamylammonium picrate in benzene. 

benzene is approximately 2.5 X lo-', while that of tetraisoamylamrnonium 
thiocyanate is low3. As the dielectric constant of the solvent medium is 
increased by adding ethylene dichloride to benzene, the conductance is 
largely increased. This is evident on comparing Curve V, Fig. 5, with Curve 
IV, Fig. 5, where the solvent contains 21% of ethylene dichloride (D = 3.1). 

The difference in the behavior of a quaternary and a ternary salt a t  
higher dielectric constant is well illustrated by Curves I and 11, Fig. 5, 
for tetraisoamylammonium nitrate and for tri-isoamylammonium picrate, 
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respectively, in ethylene dichloride. Curve 111, for tetraisoamylam- 
monium nitrate in a dioxane mixture containing 23% of ethylene dichlo- 
ride, lies far above Curve IV, for the picrate in benzene containing 21% of 
ethylene dichloride. The dielectric constants of the solvents are, respec- 
tively, 2.45 and 3.1. As in the case of the strong salts, however, the 
minimum for the tertiary ammonium picrate shifts to higher concentra- 
tions with increasing dielectric constant and, at  the same time, the slope 
of the curve, toward higher concentration, decreases. This phenomenon 
is characteristic of the transition from solvents of low to those of high 
dielectric constant. 

One of the striking results of this investigation, best illustrated in Fig. 3 
but also evident from Figs. 4 and 5,  is the fact that, at  concentrations below 
the minimum point, the curves as plotted are approximately parallel until 
the conductance reaches a value in the neighborhood of 1.0. This is 
illustrated in Fig. 3 by the curves for mixtures containing from 0.60 to 
9.50% of water, as well as by Curves 11, I11 and IV of Fig. 5 and Curves 
I ,  I1 and I11 of Fig. 4. The slope of the curves toward lower concentra- 
tions approaches a value of approximately minus 0.5, which is indicated 
by the straight lines drawn in the figures. Since, in the figures, logarithms 
of the equivalent conductance are plotted against logarithms of the con- 
centration, it follows that the curves conform approximately to a simple 
equation A = A/c~", where A is constant. One should expect such a 
relation for a binary electrolyte if the conductance were determined by 
ionization according to the law of mass action. A theoretical discussion 
of the foregoing and other results is reserved for a future paper. 

Summary 
1. The conductances at  25' of the following systems have been deter- 

mined over the concentration range 0.2-0.00001 N: tetraisoamylam- 
monium nitrate in dioxane, water, ethylene dichloride and various mix- 
tures of ethylene dichloride and of water with dioxane; tetraisoamyl- 
ammonium thiocyanate in dioxane, benzene and a mixture of benzene and 
ethylene dichloride; and tri-isoamylammonium picrate in ethylene di- 
chloride, benzene and a mixture of these two solvents. 

2. I t  is shown that, at  suEciently low concentrations, the equivalent 
conductance increases with dilution, even in solvents of very low dielectric 
constant. 

3. The influence of the dielectric constant on conductance has been 
determined over the range from dioxane to water and it has been found 
that, viscosity excepted, specific influences due to the solvents are not 
conspicuously present. 

4. The behavior of strong and weak electrolytes is compared. 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE JOHNS HOPKLNS UNIVERSITY] 

The Entropy of Polyatomic Molecules and the Symmetry 
Number 

The calculation of the entropy of organic gases from molecular structure 
data promises considerable aid to the physical chemistry of organic com- 
pounds. Vapor pressure data and heats of vaporization are usually avail- 
able and accurate estimations of the entropies of the gases may be used 
easily to calculate the entropies of the solid and liquid states. With 
heats of combustion these data can be used to calculate free energies and 
to estimate equilibria. 

Calculations of the specific heats and entropies of diatomic molecules 
from spectral data have long been made, and have yielded results of great 
accuracy ." 

More recently Villars and Schu l t~e ,~  Villars,a Giauque and his  student^,^?^ 
and Sterne6 have used similar methods to calculate the entropies of some 
polyatomic molecules. 

The method depends on the empirical fact that the energy of the single 
molecule may be fairly accurately accounted for as the sum of several inde- 
pendent terms. These terms are the translational energy, the energy due 
to rotation with constant moments of inertia, and the energies of one 
or more harmonic vibrational degrees of freedom. In the language of 
the quantum mechanics this condition is that the correct function neces- 
sary to represent any state of the molecule a t  low energies (e /kT - 1) be 
given to a good approximation as a product of independent functions of 
the various coordinates, and, further, that the potential energy be a sum 
of squares of the vibrational coordinates. If the above conditions hold, 
the entropy may be separated into additive terms due to translation, 
rotation, vibration, nuclear spin and to electron degeneracy. It is as- 
sumed that the lowest electron excitation has a high energy compared 
to kT and contributes nothing to entropy or specific heat. It is also 
convenient to make use of the fact that, with the possible exception of 
hydrogen, the moments of inertia of all actual molecules are so large that 
the entropy of rotation is given accurately by the classical equation a t  
temperatures of about 200-300 OK. 

See-for instance Giauque, THIS JOURNAL, 52, 4816 (1930); 53, 507 (1931). 
Villars and Schultze, Phys. Rev., 38, 998 (1931). 
Villars, ibid., 38, 1552 (1931). 
Giauque, Blue and Overstreet, ibid., 38, 196 (1931). 
MacDougall, ibid., 38,2074 (1931). 

a Sterne, Phys. Rev., 39, 993 (1932). 



The fundamental equations for the more general case are given by 
Giauque.' If the above conditions hold the molar entropy of a diatomic 
gas of unlike atoms may be expressed as 

( 1 )  
where R is the gas constant, V is molar volume, N is Avogadro's number, 
m is ml + mz, the mass per molecule, k = R/N ,  the Boltzmann constant, 
h is Planck's constant, e = 2.7183, base of natural logarithms, 1 = pr2 
[p  = mlmz/(ml + mz)], the moment of inertia, v is the frequency of vibra- 
tion, p, is the degeneracy of the lowest electronic level, fin is the degen- 
eracy due to nuclear spin 

A = (2s1 i- 1)(2sz 4- 1 )  

where sl and sz are the spins of atoms 1 and 2. We express the entropy 
divided by R at  temperature T of the harmonic vibrator of frequency v as 

which, when hv/kT is equal to about four or greater, becomes approxi- 
mately 

SE&, T )  G (hv/kT + 1)e-hu/kT 

Equation (1) can then be written for 1 atm. pressure 

where W is molecular weight and A' = I X 
The nuclear spin entropy R In may in practice be omitted. Gibson 

and Hei t ld  have shown that i t  does not alter in any reaction involving 
diatomic molecules, and it is usually assumed that this is also true for poly- 
atomic molecules. The results of this paper prove that this is actually 
the case. 

If the two atoms of the diatomic molecule are identical. or if we deal 
with a polyatomic molecule with two or more identical atoms, a new dif- 
ficulty arises. Certain rotation states may not occur, or may occur only 
for molecules with a definite nuclear spin. Essentially the same problem 
has been handled with the methods of the classical statistics by Ehren- 
fest and TrkaLg They showed that R In a must be subtracted from any 
entropy equation like the above, in which a, the symmetry number, repre- 
sents the number of permutations of like atoms which can be carried out 
by changes in the coordinates of rotation alone (nuclear spin neglected). 
That is, a is the number of ways in which the molecule can be rotated and 
still look identical. The argument is essentially the same as that which 

7 Giauque, THIS JOURNAL, 52,4808 (1931). 
8 Gibson and Heitler, 2. Physik, 49, 465 (1928). 
* Ehrenfest and TrW, Proc. Sect. Sci. Amsterdam, 23, 169 (1920). 
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justified the division of the total phase space of a gas of N identical mole- 
cules by N!, the number of permutations which left the system unchanged. 

Hundlo has discussed the quantum mechanical method by which one 
can determine the allowed rotational states for a molecule of definite nu- 
clear spin type. Elertn has applied Hund's method to methane, and 
Villars and Schul t~e ,~  and Villars3 have used the results of Hund and Elert 
to make detailed calculations of the entropies of methane and ammonia. 
Giauque4 has correctly pointed out that at  room temperatures the entropies 
of these gases must be given by the usual formulas with terms for classi- 
cal rotational entropies minus R In a. 

There exists, however, no proof consistent with the formal quantum 
mechanical derivation of statistics which shows that such a procedure 
may be universally applied. This is proved here for all molecules with 
one a'-fold axis and a perpendicular plane of symmetry or lower symmetry. 
Since probably the only molecules of higher symmetry are tetrahedral 
(methane like), and it follows from the work of Elert that the symmetry 
number may be used for these, the procedure can be used generally. 

In addition the quantum mechanical solution is given for a symmetric 
top with two rigid bodies of equal moments of inertia independently ro- 
tating about the unique axis. This probably represents the best zeroth 
order approximation for the ethane molecule, in which i t  seems likely that 
there is nearly free rotation about the C-C bond. The equation for the 
energy levels is derived. The classical entropy of rotation of a gas com- 
posed of such molecules is calculated. 

The Symmetry Number 
We wish first to consider a system composed of N independent similar 

particles, that is, a system the energy function of which has no terms con- 
taining the coordinates or momenta of more than one particle. The func- 
tions 9 giving the state of the system may be expressed as products 
ni=N i =  $bk(i). $k(i) is then a function of the coordinates (i) (including 
spin) of the i'th particle, k represents the value of ail of the quantum 
numbers of the i'th particle. For any single function in which k for 
each particle is given, we shall introduce the integers Xk giving the number 
of particles in the completely defined quantum state k. There will be 
N!/IIkXK! different functions having the same values of the Xk9s obtainable 
from each other by carrying out all of the permutations of particles which 
have different values of k. All these functions will be solutions to the 
original differential equations which, with the spin and boundary con- 
ditions, determined our system. They will be orthogonal to each other 
and we will assume them to be normalized. Therefore, any linear combina- 
tion of these functions will be a solution. 

lo Hund, Z. Physik, 43, 788; 43, 805 (1927). 
l1 Elert, ibid., 51, 6 (1928). 



There is one other condition which any function expressing the state 
of the system must fulfil to be acceptable. If the particles contain an 
odd number of fundamental units, protons, electrons and probably neu- 
trons, that is, if the particles have half integer spins, the function must 
be completely antisymmetric. This means that i t  must become multi- 
plied by minus one by a single transposition of two particles, that is, a 
transposition of two identical groups of electrons and protons. If the 
particles contain an even number of units, have zero or integer spins, the 
function must be completely symmetric, i t  must be unchanged by a trans- 
position. (A function antisymmetric in transpositions of electrons, protons 
(and neutrons) would be symmetric in the transposition of two identical 
groups of an even number of such units, for example, two carbon nuclei.) 

There is only one linear combination of all the N!/IIkXk! functions hav- 
ing the same Xk values which is perfectly symmetric and normalized, 
namely, the sum of all the functions. There is only one linear combina- 
tion which is antisymmetric, the sum of all N! possible permutations, 
the even permutations taken with positive, the odd with negative signs. 
This antisymmetric function will be identically zero if any Xk is greater 
than 1. These two cases of symmetric and antisymmetric functions 
correspond to the Bose-Einstein and Fermi-Dirac statistics, respectively. 
In each case a single state is defined by the integers Xk, and in the second 
case only values 1 or 0 are allowed. 

We are interested in a molecule composed of several atoms of which a 
certain number may be identical. Since in this case the potential energy 
is not independent of the relative positions of the atoms (indeed i t  de- 
pends only on the relative positions), we cannot make even an approxi- 
mate solution in terms of products of functions of the atomic coordinates. 
We can, however, transform to such coordinates that, to a good approxi- 
mation, the complete function 9 of the molecule may be expressed as a 
product of functions of these coordinates. These coordinates which 
have no interaction terms are the familiar natural coordinates of trans- 
lation, rotation and the classical normal coordinates of vibration, as well 
as the coordinates of nuclear spin which remain untransforrned. 

The nuclear position coordinates and the natural coordinates must be 
connected by transformation equations such that the values of one set 
completely define all the values of the other set. We will find in general 
that there are several values of the relative positions of the atoms which 
will have identical minimum values of the potential energy. These will 
correspond to what will be called here different "optical isomers," accord- 
ing to  the terminology of Hund. It is to be understood that among these 
optical isomers may occur members that differ only in the permutation 
of identical atoms and will not differ in light rotating power. These posi- 
tions of minimum energy will all correspond to the same zero value of all 
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the vibrational coordinates. It is necessary, then, to add an extra coordi- 
nate to our natural system, the value of which tells us in what optically 
isomeric form our system is. This coordinate i, by definition, may take 
only a finite number of discrete values a, b, .... n, corresponding to the n 
isomers. The eigenfunctions of this coordinate will be y?c(i) = 6(ci), 
6(ci) = 1 when i = c, 6(c4 = 0 when i f c, in which c designates the Iso- 
meric state of the molecule. 

The complete function \k of the molecule may be expressed as a product 
of the type 
* = $ (electron) X $ (isomer) X + (vibration) X + (rotation) X tC. (nuclear spin) X 

$ (translation) 

We shall assume that the function y5 (electron) has been completely 
solved, and that i t  is symmetrical to transpositions of identical nuclei, 
which is usually the case with stable chemical compounds. The follow- 
ing argument is made simpler by this assumption, although the conclu- 
sions are independent of it. $ (translation) depends only on the coordi- 
nates of the center of gravity which are unaffected by transpositions of 
like nuclei and i t  is therefore perfectly symmetrical. The normal coordi- 
nates of vibration may be so selected that they are either unaffected, 
or change sign, when two like nuclei are transposed. The lowest energy 
eigenfunction of a harmonic oscillator is symmetric to a change of sign 
of the coordinate, as are all states with even quantum numbers. In  the 
lowest vibrational energy level il. (vibration) is then symmetrical. As 
in the case of y? (electron) the conclusions we draw will also hold for higher 
non-symmetric vibration states, but the language of the discussion is 
simplified if we deal only with the symmetrical case. 

The product of the three synirnetrical functions y5 (electronj X $ (vibra- 
tion) X y? (translation) will be symmetrical and therefore the complete 
function y? will have the symmetry character of the remaining product, 
(or linear combination of the product), $ (isomer) X (rotation) X y? 
(nuclear spin). This product must be antisymmetrical to transposition 
of atoms with half integer spins, and symmetrical to transpositions of atoms 
with integer or zero spins. 

The symmetry number a of a molecule is defined as the number of per- 
mutations of identical particles in the molecule which can be carried out 
by changes in the coordinates of rotation and spin alone. 

The Unsymmetrical Molecule.--If a = 1 the rotational coordinates 
will be unaffected by permutations and the rotational function t) (rota- 
tion) will be perfectly symmetrical. If the molecule contains only N like 
atoms there will be N! isomer functions. If the molecule contains several 
of each of two kinds of atoms or in general more kinds of atoms, there 
may exist physically distinguishable (light rotating) isomers of the same 
potential energy. We may then arbitrarily use two coordinates, one of 



which defines the physically indistinguishable optical isomer resulting 
from permutation of the like atoms, the other defines the physically dis- 
tinguishable isomeric state. The complete isomer function will then be 
a product of functions of each of these two coordinates. The functions 
of the coijrdinate of distinguishable isomers, which do not contain the 
coordinate of the like atom permutations, will be symmetric to these permu- 
tations, and may be omitted from the discussion. The number of the other 
isomer functions will be N! 

Not only simple products of isomer and spin functions will be solu- 
tions of the problem. Linear combinations of the isomer functions multi- 
plied by linear combinations of the spin functions will also be solutions, 
and any linear combinations of permutations of these products. We 
seek the number of such orthogonal functions which fulfil the conditions 
of perfect symmetry (/antisymmetry). The exact solution of the complete 
function XP is not a product of functions of the different coordinates, since 
there are actually small interaction terms. Nevertheless, the true * 
may be determined by the method of perturbations from such a product. 
It will have the same symmetry character as the product, provided we 
use the correct zeroth order function of the many possible linear combi- 
nations which satisfy the degenerate problem. For any physical pertur- 
bation, since it must be symmetrical in identical particles, the correct 
linear combinations of isomer and spin functions are a complete set of repre- 
sentatives of all the possible symmetry characters. 

Using the group theory Wigner12 has discussed this general problem, 
Hund13 has recapitulated the discussion and the results without the use 
of the group theory. 

A function of Nidentical particles is said to belong to the symmetry char- 
acter S(X1 + Xz + . .. + Xj + . . . + A,) with ZjXj = N a n d  Xj 2 
if i t  cannot be made by permutation and linear combination symmetric 
in more than XI particles, and by permutation of the remaining N - XI 
particles symmetric in more than Xz particles, etc. A representative of this 
symmetry character is symmetric in one group of XI particles, and in another 
of X2 particles, etc. 

Any function of symmetry character 7 = S(X1 + Xz + . . . + Xj + . . . + 
A,) has a degeneracy n, where n, = N! q,,(X,-Xj + j- l)/lIj(Xj + n-j)! 
If the system has no degeneracy besides that due to the identity of the 
particles, there are n, different functions of character T each having a 
degeneracy n, making in all n: orthogonal functions, with 2, n: = N! 

To every symmetry character T there corresponds another character 
T* called the reciprocal character14 and n,* = n,. The degeneracy of a 

l2 Wigner, 2. Physik, 40, 492 (1926); 40, 883 (1927). 
18 Hund, ibid., 43,788 (1927) ; 43,805 (1927). 
l4 The definition of the reciprocal character is given by Hund.la 
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product of functions of character T and T' is n, X n,,. A symmetric (/anti- 
symmetric) function can only be formed by permutation and linear com- 
bination from the product of two functions of characters T and T' if T' = 

T ( / T '  = T*), and then only the fraction l/n: of all the linear combinations 
leads to a symmetric (/antisymmetric) function. 

Spin functions are generally degenerate because there are only 2s + 1 
possible functions per particle. The number of functions of character 
T is not in general n, and may be zero, although the degeneracy of each 
existing function must be n,. 

If the molecule is composed of N identical atoms of spin s there will be 
(2s + 1)" spin functions, from which linear combinations may be formed 
that can be classified into non-combining groups of different symmetry 
character. The N! orthogonal isomer functions may also be formed into 
non-combining groups of different character, nf functions of the character T. 

Only products of isomer and spin functions belonging to the same (/recipro- 
cal) character, may by permutation and linear combination lead to func- 
tions completely symmetric (/antisymmetric) to transpositions of identi- 
cal atoms. From the product of n, spin functions of character T with all 
the n: isomer functions of character T (/T*) only the fraction l/nf or n, 
completely symmetric (/antisymmetric) functions can be formed. If 
we sum the symmetric (/antisymmetric) products over all the different 
nuclear spin symmetry characters, we obtain as many functions as the 
total number of nuclear spin functions, (2s + I ) ~ .  

The conclusion is that a molecule of symmetry number u = 1, composed 
of N identical atoms of spin s will have (2s + 1)* orthogonal functions 
representing (2s + I ) ~  degenerate states for every value of the usual 
quantum numbers of the molecule. To the simple entropy expression 
for such a molecule must be added RN In (2s + I), or R In (2s + 1) nu- 
clear spin entropy for every atom of spin s. 

Had the molecule contained other unlike atoms i, j of spin si, sj the 
preceding argument could have followed in detail for each of the ITi(2si + 
1) spin states of these atoms. To the entropy should then be added R In 
(2si f 1) for every atom of spin s;. 

Had the number of unlike atoms been greater than 3 there may have 
been a number I of physically distinguishable isomers and the argument 
would lead to an additional entropy R In I. 

If the molecule contained an additional Nk identical atoms k of spin 
sk a similar grouping of functions with respect to the isomers obtained 
by permuting the atoms k, for every one of the preceding functions, would 
lead to an additional RNk In (2sk + 1) in the entropy. 

The total nuclear spin entropy K In (2si + 1) for every atom of spin 
q is the same expression as that in monatomic and diatomic gases, and 
as will later be shown in symmetrical polyatomic molecules. This entropy 



will cancel in all chemical reactions and need not be included in any practi- 
cal values. The entropy due to the I physically distinguishable isomers, 
R In I, will not cancel, and must always be included. 

Those isomers that are not physically distinguishable, that is, the iso- 
mers corresponding to different permutations of identical atoms, occur 
in the complete function of the molecule in the form of linear combina- 
tions. Due to the symmetry demands of the Pauli principle no molecule 
can be said to be composed of only one isomeric type. On those isomers 
which are physically distinguishable there are no such limitations. As 
far as present knowledge goes we may write a molecular function which 
contains only one isomer. Professor G. N. Lewis has suggested to one 
of us that even in the exact solution the different isomer functions may 
not combine. This certainly appears reasonable to the prejudice of the 
chemist, for otherwise not only would the two states have slightly differ- 
ing energies, but a gas of one isomer cooled to such a temperature that 
excitation in a given time had low probability, would in finite time be 
transformed 100% into the other isomer1 The mathematical reason for 
this probable intrinsic degeneracy is, however, not obvious. 

The Symmetric Molecule.-In order to investigate the case of a 
molecule a > 1, J. (rotation) must be considered. Only molecules hav- 
ing no higher symmetry than a u'-fold axis of symmetry, and with or with- 
out a plane of symmetry perpendicular to this axis will be considered. 
For these cases a = 2a' or a = a', respectively. Since probably tetra- 
hedral molecules are the only actual cases of a > 1 not falling into these 
classes the case is quite general. There will be N!/a dzerent isomer func- 
tions, and a rotational functions, which latter we shall show differ only by a 
phase factor. All such molecules will either be symmetric top types, or suf- 
ficiently close to it to allow symmetric top eigenfunctions to be used as a 
first approximation. Higher approximations will show the same number 
of states, and the same symmetry characters as the zeroth 

The rotational eigenfunctions of the symmetrical top problem have 
been solved in the usual Eulerian angles, 8, J. and cp.l5,l6 

The form of equation here used is given by Hund. The solutions may 
be written r oj, m, A (sin i) e *i(mfi + w 

JI (rotation) = (6) 

Dj, ,#, A (cost) '3 *i(m* - k.4 

l6 Dennison, Phys. Rev., 28, 318 (1926). 
Reiche, Z. Physik, 30, 444 (1926). 
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and s = m + X, d = Im --XI. F is the Jacobi polynomial. The energy, 
if C is the moment of inertia about the unique axis and A is the moment 
about the other two axes. has the form 

Of the permutations of identical atoms a' lead only to  a different phase 
of rotation about the axis of symmetry, the unique axis of the top, dif- 
ferences which in the natural coordinates correspond only to shift of the 
type in which p changes to p + q2n/at where q is an integer. The only 
change in the complete function of the natural coordinates, without the 
spin coordinates, is multiplication by a complex number, (exp.)iXq2n/at. 

If the molecule has a plane of symmetry perpendicular to  the unique 
axis the function is further degenerate. States differing in the substitu- 
tion of cos (0/2) for sin (8/2) and simultaneously -p for p will have identi- 
cal energies even in the presence of a magnetic field, and even if the top 
is not perfectly symmetric. We may then rewrite and form the linear 
combinations 

[ [., -, A (sin l) e * i k p  + vj, -, (ax $) eF i * p ]  eiim+ 

1L (rotation) = (7)  1 [uj ,  -, A (sin a) e*iAp - ., -, (ms C) e ~ i k p ]  

An end to end transformation of the unique axis corresponds to the 
following changes: 0 to n-8, t,b to n + #, and p to -p. The first of the 
equations is multiplied by (exp.) * imn by this change, the second by 
- (exp.) * imn, that is, since m is an integer, by * 1 and r 1. 

The molecule of symmetry nhmber u greater than one has then no 
GIOIIS corre- longer N! orthogonal products of isomer and rotation funcf' 

sponding to the N! permutations. The permutations fall into N!/a 
groups, each containing o permutations: the isomer times rotation func- 
tions for any of one group can be obtained from any of the other of that 
group by multiplication by a (complex) factor. There are only N!/o 
orthogonal functions for every value of the usual quantum numbers. 
The question is, can every symmetry character be formed out of these 
N!/a orthogonal functions as the quantum numbers change their values, 
and, if so, what will be the number of functions of the various symmetry 
characters? 

We may write in a purely formal manner a complete set of orthogonal 
representatives of the symmetry characters as linear combinations of the 
various permutations. For each of these permutations must now be 
substituted the appropriate product of an isomer function and a rotational 
phase factor. The permutations belonging to each isomer may be grouped 
and the phases factored out as a sum, which, for instance, in the perfectly 
symmetrical case will have the form ~,~,'~'-~(ex~.)iX~2n/a'. The complete 



function may then be multiplied by a complex factor containing A, such 
as (exp.) --ziq2?r/a1, if necessary, to assure that at least one of the phase 
factors contains 1 in the sum (in the symmetrical case the term with q = 0 
is already 1). These functions are assuredly orthogonal and are repre- 
sentatives of various symmetry characters. Any one may, however, 
be identically equal to zero for any given value of the quantum numbers 
m and X. The zero value will evidence itself by the fact that each of the 
phase factors, functions of m and X, will be zero. For every value of m 
and X (and for each function of (7) and each j)  there will be only N!/u 
functions which are other than zero. 

The sum of all of the phase factors over all values of A between a + 1 
and a + of inclusive, and if the molecule contains a plane of symmetry, 
over an even and an odd value of m, may now be made for each function. 
Since a t  least one phase factor contains 1 the sum will not be zero be- 

-a+ut cause z;,,+, (exp.)X27riq/ar = 0, unless q = 0 or q = u'. Every function 
exists a t  least once in these values of the quantum numbers m and A. 
Since the total number of orthogonal functions which can exist is a X N!/a 
= N!, and this is the number of all of our functions, every function exists 
exactly once. Over a range of cf consecutive values of X and two adjacent 
values of m the same functions exist, and the same number of them, as 
exist for every quantum state of a completely unsymmetric molecule. 

Within the range of the quantum number X between a + 1 and a + a' 
(and for two consecutive values of m if the molecule has a plane of sym- 
metry) there are n: isomer times rotation functions of character T. We 
may then proceed as for the case when a = 1 to multiply each of these 
functions with the spin functions of the same (/reciprocal) symmetry 
character, and find (2s + l )N completely symmetric (/antisymmetric) 
linear combinations of the products. We obtain for the above a rotation 
states just as many acceptable orthogonal normalized functions as were 
previously obtained for every single rotation state of the unsymmetric 
molecule. 

The result allows us to make the following statement. For tempera- 
tures high enough that (exp.)G~/kT is about equal to 1, where 6~ is the 
energy difference between states having values of X differing by a', the 
molar entropy of a molecule having a symmetry number a is R In a less than 
the entropy of the same molecule were it entirely non-symmetrical. 

It is also a corollary that every nuclear spin state exists in the same 
proportion as in a non-symmetrical molecule, and the entropy due to 
nuclear spin will be R In (2s + 1) for every atom of spin s. 

The Ethane Like Top 

It appears to be probable that single valence bonds show no potential 
energy changes in rotation. The opposite rotation of the two CH8 groups 
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in ethane about the C-C axis, for instance, would cause potential energy 
changes only due to the varying distances between hydrogen atoms. This 
effect cannot be very great. I t  seems reasonable to choose as the zeroth 
approximation for such a molecule the solutions for absolutely free rotation. 
Probably the states most numerously present in the gas a t  200-300°K. 
will be given fairly accurately by functions obtained on the basis of this 
assxrnption. A3 model for the problem is then chosen a symmetrical top 
with two equal moments of inertia A about two perpendicular axes x' and 
y', and consisting of two similar rigid bodies of equal moments of inertia C. 
Each of the bodies can be independently rotated about the unique axis of 
the top z'. z' is then the axis of the C-C bond in ethane. 

If p and p are the angular velocities about x' and y', and 71 and 7% the 
angular velocities of the bodies 1 and 2, respectively, about z', the kinetic 
energy will be 

Angles similar to the Eulerian angles are introduced. B is the angle be- 
tween the fixed z axis in space and z f ,  + the angle between the nodal line 
of the xy and x'y' planes and the fixed x axis, pl and (pz the angles between 
the nodal line and two fixed axes in the two rigid bodies 1 and 2, respec- 
tively. Defining p,, p+, p,, and p,, as the momenta conjugate to the 
respective coordinates, the equation for the kinetic energy may be written 

I '*' .- * pu (PI + P,)] (8) sin2 0 A sin2 0 A 

Transformation by the usual method yields the Schrodinger equation for $ 
(rotation), which is here written U. The equation is 

a2U 2cos8  b2U B2U 1 8 ~ " , A E U = 0  2 cot* 0 - - - aaay2 s i n  ( + ) h ( 9 )  

when the potential energy V is set equal to zero. Using the following 
substitution 

+(rotation) = U = ~ ( 0 )  e i ( x l ~ ~  + x*Q¶ + mic) (10) 

one obtains the differential equation for 8(6)  

be ( rn - X cos 0 j2  g + c o t *-  - be sin2 8 (11) 

in which A = A1 + Az, and XI and AZ are integers. This is the same equa- 
tion that was obtained in the solution of the simple symmetrical top prob- 
lem, and yields functions such as are given in equation (5 ) .  

The solution of the problem may then be written 



[ ?, m, ,., (sin i) e*i(Alvl + ha + mY) 

$ (rotation) = (12) 

1 7y, m, (cos !.) + ~ Z W  - m+) 

with j 2 X = X I  + X 2  2 0 ;  j 2 m 2 0. The meaning of the function 
v;, ,, is given under equation (5). The equation for the energy is 

Although the equation is most easily solved in the coordinates pl and 
p z  it would appear natural to transform to coijrdinates (p = (p l  + (pz)/2 
and p' = ((pl - (p2)/2, the "average" angle (p, and the angular displace- 
ment (p' of one CHS group from this average angle The displacement 
of the other group is of course equal to -p'.  In all higher approxima- 
tions the potential energy will depend only on p'. The equations then 
become 

I y, ,, (sin i) e * i ( h ~  + m~ + h1vf) 

$ (rotation) = (14) 

v,m,L (rnS i) e * i ( h ~  - + * f ~ f i  

with X = X I  4- X z  and X' = XI-A*. The quantum numbers must obey 
the relations j 2 X 2 0 ;  j 2 rn 2 0; A' = X + 2 n, where n is an integer, 
that is, X and X' are both odd, or both even. The energy expressed in 
terms of the new quantum numbers becomes 

While this paper was being prepared for publication, there has appeared 
an article by Nielson1' in which the ethane-like molecule is handled in a 
much more elaborate manner. His equations, when the potential energy 
of rotation within the molecule is set equal to zero, reduce to equation (14). 

The entropy of a mole of such rotators may be calculated for high tem- 
peratures, in which case i t  becomes identical to the entropy of a mole of 
similar classical rotators with appropriate constants. The condition for the 
temperature is that h2/8r2CkT and h2/8?r2AkT shall both be considerably 
smaller than 1.  Actually values of about one fourth suffice for this con- 
dition. The equation for the entropy is 

For ethane, could the two CHB groups not rotate separately around the 
C-C bond, the symmetry number would be 6; with free rotation, how- 
ever, 18 permutations of the identical atoms can be carried out by changes 
in the angle coordinates. I t  is obvious further that the argument of the 
previous section applies as well to rotations of the angle p' as to rotations 

l7 Nielson, Phys. Rev., 40, 445 (1932). 
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of a, and that the entropy will be reduced by subtraction of R In u, with 
a = 18. 

The Entropy Equations 

Equations (1) or (4) give the entropy of a diatomic molecule of two un- 
like atoms a t  temperatures above about 200°K. but not high enough to 
produce m y  appreciable electronic excitation. Ordinarily one can safely 
use the equations up to 1000°K. 

A diatomic molecule of two identical atoms will have the symmetry 
number a = 2 and to equation (1) or (4) must be added - R In a = - R In 2. 

A linear polyatomic molecule will have an entropy given by an equa- 
tion that differs from (1) or (4) only in that there will be more terms 

(v, T).  In a triatomic linear molecule there are four vibrational 
degrees of freedom and four terms SEin(v, T), two of the frequencies 
usually the two lowest, those due to bending, will in most cases be identi- 
cal. This means that spectroscopically only one (degenerate) frequency 
will be found, but two entropy terms must be used for this frequency. 
The symmetry number may be 1 or 2. 

For non-linear rigid polyatomic molecules the entropy of rotation 
will be greater due to the greater number of degrees of freedom. There 
will also be a t  least three frequencies of vibration. I n  general if there 
are N atoms in the molecule, one must account for 3N- 6 vibrational 
degrees of freedom. Some observed frequencies may be degenerate, 
the assignment of the number of degrees of freedom to any frequency is 
a problem which may be solved by mathematical's or by mechanical1g 
means. 

The equation for the entropy of a rigid non-linear polyatomic molecule 
is 

in which I is the number of physically distinguishable optical isomers, 
and with A, B and C the three moments of inertia. The explanation 
of the other symbols is given under equation (1). This may be written, 
a t  1 atm. pressure 

S = R r2.307 + 4 In T + 312 In W + 112 In A'B'C' + In p&,I/e + 

in which A' = A X B' = B X and C' = C X 
If two of the moments of inertia A and B are equal the molecule is a 

l8 See for instance Muiliken, Rev. Modern Phys., 2,  60, 506 (1930); 3, 90 (1931). 
lg Kettering, Shutts and Andrews, Phys. Rev.. 36, 531 (1930). 



symmetrical top and the equations (17) or (18) may still be used with this 
substitution. 

A molecule of the ethane type will have 3N-7 vibrational degrees of 
freedom. The equation for the entropy may be written 

which reduces at  1 atm. pressure to 

with A' = A X loa8, C' = C X 

Accuracy 

The accuracy with which the universal physical constants that enter the 
entropy equations are known is undoubtedly far greater than any practical 
use of the entropy demands. The molecular weight also introduces no 
error. The uncertainty in the use of these equations lies partly in the as- 
sumptions of their derivation and partly in the accuracy with which the 
moments of inertia and the frequencies are known. 

The assumption that the moments of inertia in all states existing in 
appreciable quantities remain constant can be roughly tested by calcula- 
tion of the stretching force constant from the frequencies. In most cases 
the average change in the moment of inertia up to 1000°K. is less than 
8'%, introducing about 0.1 Entropy Unit (cal. deg.-l) error per rotational 
degree of freedom at this temperature. Failure of the vibrations to be 
linear harmonic probably introduces even less error. The assumption 
that ethane-like molecules rotate freely about the C-C bond is much more 
questionable. EbertZ0 and Wagnerz1 have discussed the question of how 
"free" the rotation really is in ethane, basing their discussion largely on 
the specific heat measurements of which were carried out in 1913- 
1914. The specific heat values appear to agree with those of a fully ex- 
cited vibrator, rather than with the lower specific heat of a free rotator; 
it may be questioned, however, whether data of that date are sufficiently 
accurate to decide the question. 

Although the calculations, if carried out for the constrained rotating 
oscillator, would use a = 6 and correspondingly three times as many 
isomer functions as here used, the phase space would be constrained to 
one-third of the total angle 27r, instead of the full rotational angle, and the 

40 Ebert, "Leipziger Vortrage," 1929, p. 74. 
a1 Carl Wagner, 2. physik. Chem., [ B ]  14, 166 (1931). 
z2 Heuse, Ann. Physik, 59, 86 (1919). 
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entropy based 011 such an assumption would approach, with decreasing 
potential energy, that of the free rotator of equation (20). We believe 
that for ethane itself, at  least, the entropy will be given fairly well by 
equation (20). More accurate measurements of the specific heat and 
entropy appear to be the only experimental method of decision. 

The moments of inertia of some molecules can be obtained from spectro- 
scopic data. Usually no values so obtained are availabie, but the spac- 
ing of the atoms can frequently be accurately estimated from x-ray data 
for the molecule in question or for some similar compound. With the usual 
assumptions for the geometrical structure these data probably allow calcu- 
lations of the moments of inertia for the simpler organic compounds to 
within at  least lo%, introducing 0.1 Entropy Unit error per rotational 
degree of freedom. The total entropy of one vibrational degree of free- 
dom with frequency 200 a n . - I  at  300°K. is 2.16 E. U., and for 1100 cm.-I 
a t  300°K. it is only 0.03 E. U. An error of 10% in the value of the fre- 
quency introduces an error of 0.2 E. U. in the first case and no appreciable 
error in the second. Much more important is the correct assignment to 
each frequency of the number of degrees of freedom, and the certainty 
with which one can assume that all frequencies are known. Much prog- 
ress has been made in the interpretation of the lower, and less numerous, 
frequencieslS which are due to the mutual vibrations of the heavier atoms. 
In many cases one can feel quite confident that the interpretation is cor- 
rect. Fortunately the less certain frequencies due to the motion of the 
hydrogen atoms appear to be all above 1100 an.-' and introduce less 
than 0.03 E. U. a t  300°K. per degree of freedom 

I t  appears not unreasonable to expect that we can calculate the entropies 
of many of the simpler organic compounds to within 0.5 cal. deg.-l. This 
would introduce barely 30% error in an equilibrium constant prediction. 

The Entropy of Some Simple Molecules 
Ethane.-The moment of inertia C of the CHI group about the C-C 

bond will be equal to the moment of inertia of methane, if the tetrahedral 
angle for the hydrogen bonds is approximately maintained in ethane. 
The moment of inertia of methane is known from its band spectra.23 
x-Ray data show that the C-C distance in aliphatic hydrocarbons has a 
constant value, and this with the C-H distance calculated from the moment 
of inertia of methane gives the other moment A of the ethane molecule 

The Raman line at  990 an.-I is undoubtedly due to the mutual vibra- 
tion of the two methyl groups, and will have one degree of freedom. The 
assignment of the other frequencies, 4 at 1200 cm.-1 and 6 at 1460 cm.-I 
both due to hydrogen "bending" is pure guess, especially since no line at  
1200 is observed, but the total entropy which these contribute is so low 
(0.2 E. U.) that the assignment is unimportant. 

a3 Moorhead, Plays. Rm., 39, 83 (1932). 



The following constants are then used for ethane in equation (20) to 
calculate the entropy at 1 atm. pressure, 298OK.: W = 30; C' = moment 
of inertia of methane, C X = 0.0517; A', calculated from C-C dis- 
tance 1.55 A. and C-H distance 1.08 A., is 0.417; h = 26 = 64; fie = 1 ; 
u = 18; VI, 1 degree of freedom 990 cm.-'; VZ, 4 degrees of freedom 1200 
cm.-l; YS, 6 degrees of freedom 1460 cm.-l; total vibrational entropy 
a t  298OK. = 0.26 E. U. For ethane gas, 298OK., 1 atm., the total abso- 
lute molar entropy S = 63.8 cal. deg.-l, of which R In 64 = 8.3 due to 
nuclear spin may be neglected, leaving for the practical entropy Sp = 55.5. 

Acetylene.-A band in the infra-red spectrum of acetylene24 a t  730 
cm.-l may possibly contribute 4 degrees of freedom and 0.5 E. U. a t  
298OK. It  seems more probable that this band is not a fundamental 
and that the lowest fundamental, contributing 4 degrees of freedom due 
to hydrogen "bending," is a t  1330 cm.-I. The following entropy may be 
as much as 0.5 E. U. too low because of this assumption The constants 
used in equation (4) with 4 of the total 7 frequencies contributing an 
appreciable entropy are: W = 26; A' = 0.23;26 fie = 1; = 22 = 4; 
a = 2; VI, 4 degrees of freedom, 1330 cm.-I contributing 0.1 E. U. a t  
298OK. For acetylene gas, 1 atrn., 298OK. the total absolute entropy, 
S = 49.9 cal. deg.-l, of which 2.7 E. U. are due to nuclear spin, leaving 
a practical entropy S* = 47.2 E, U. 

Benzene.-Andrewslg has obtained excellent agreement between the 
Raman lines of benzene and his models, which enables us to assign the 
number of degrees of freedom to the frequencies with considerable cer- 
tainty. x-Ray data on hexamethylbenzene and graphite,26 and electron 
diffraction data on gaseous benzeneIz7 allow us to estimate the C-C distance 
accurately. The C-H distance, which is unimportant in the moments 
of inertia, is assumed to be that of methane. The following constants 
are substituted in equation (18): W = 78; A' = B', calculated from 
C-C = 1.42 A. and C-H = 1.08 A., is 1.508; C' = 3.016; fie = 1 ;  fin 
= 6 4 ;  a = 6  

vl, 2 degrees of freedom = 360 em.-' 
v2, 1 degree of freedom = 605 cm.-1 
v,, 2 degrees of freedom = 805 em.-' 
va, 6 degrees of freedom = 990 em.-' 
vg, 1 degree of freedom = 1170 ern.-' 
ve, 12 degrees of freedom = 1590 ern.-1 

other frequencies too high to contribute to the entropy. The total vibra- 
tional entropy at  29S°K. is 3.8 E. U. For benzene gas, 1 atm., 29Ei0K., 
the total absolute entropy S = 73.4 cal. deg.-I, of which R In 64 = 8.3 

a4 Levin and Meyer, J. Opt. Soc. Am., 16, 137 (1928). 
25 From infra-red measurements.24 

Ewald and Hermann, "Strukturbericht," 1913-1928. 
27 Wierl, Ann. Physik, 8, 521 (1931). 
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E. U. are due to nuclear spin, leaving a practical entropy, Sp = 65.1 
cal. deg.-'. 

The experimental entropy of the liquid a t  298OK. is 41.9 E. U. and the 
entropyz8 of vaporization a t  the equilibrium vapor pressure a t  this tem- 
perature, 94 mm., is 27.5 E. U. To the surn of these must be added -4.3 
E. U. to convert to 1 atrn., making the experimental entropy of benzene 
gas a t  1 atm., 298"K., 65.1 E. U. 

The value of a = 6 for benzene was calculated by DeitzZ9 from measure- 
ments of the vapor pressure. The less structure sensitive methods of 
x-ray and electron diffraction have hitherto always indicated plane s tn~c-  
ture for the carbon atoms, which would lead one to assume a = 12. An 
undetected transition in the solid state of benzene below the lowest tem- 
peratures of the specific heat determinations could only lead t o  a lower 
value of a. The excellent constancy of the a as calculated by Mr. Deitz 
over a wide range of temperatures (from 100°K. to 29S°K. a varied from 
5.4 to 6.9) indicates, we believe, conclusively, that all twelve atoms of ben- 
zene do not lie in one plane. 

Summary 

It has been shown that any molecule will have among the additive 
terms in the entropy expression: -R In a, with a the symmetry number; 
R ln(2si + 1) for every atom i of spin si; R In I, with I the number of 
distinguishable optical isomers present in the gas. 

The quantum mechanical wave functions and the energy values of an 
ethane-like molecule have been calculated under the assumption of free 
independent rotation of the two CH3 groups about the C-C bond. The 
entropy of this type of molecule has also been calculated. 

Convenient expressions have been given for the molal entropy of diatomic, 
rigid linear and non-linear polyatomic, and ethane-like molecules. 

The data necessary for the entropy evaluations have been reviewed, 
and the accuracy which can be expected has been briefly discussed. It 
appears probable that for many of the simpler organic gases the entropy 
can be calculated with present data to within 0.5 E. U. (cal deg.-I). 

The practical molar entropies (neglecting nuclear spin which cancels in 
all chemical reactions), of ethane, acetylene and benzene gases a t  1 atm., 
298OK., have been calculated to be 55.5,47.2 and 65.1 E. U., respectively. 
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$8 Parks and Huffman, THIS JOURNAL, 52, 1032 (1930). 
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Line Spectrum of Samarium Ion in Crystals and its Variation 
with the Temperature 

BY SIMON FREED AND J. G. HARWELL 

The magnetic behavior of Sm+++l and the absorption spectra2 showed 
that there was an equilibrium distribution of the ions between different 
electronic configurations. The present work was instituted with the 
view of obtaining quantitative data concerning the differences in energy 
between the various configurations. These differences may be looked upon 
as originating through the action of the electric fields about Sm+++ in the 
lattice. They are a measure of their symmetry and intensity. Recently, 
Miss Amelia Franka obtained rough agreement with the magnetic suscep- 
tibility at higher temperatures by taking into account the presence of the 
activated state 6H,/,, presumably about 1000 cm.-l higher in energy than 
the basic state 'jH6/,. The agreement is rather surprising since both the 
basic state, 6H5/, and active state, 6H,,, are largely decomposed into sub- 
levels of wide separation by the electric fields of the lattice. The specific 
heat of Sm+ ++4 at low temperature has given a measure of the separations 
between the basic electronic levels. I t  appeared that energy of about 160 
cm.-I (450 cal./mole) had to be supplied to activate a mole of Smt++ in 
the sulfate. Even greater intervals may have resulted in the decomposi- 
tion of the 6H61* term, but they must be so great that relatively few ions 
exist in the upper level. 

The present work is mainly concerned with the effect of the eIectric fields 
upon the state 6H,/,, that is, with levels which are sufficiently occupied a t  
ordinary temperatures to have their presence recorded in the absorption 
spectrum. They are identified by the change in the relative intensity of 
the lines as the temperature changes, more especially by those instances 
when a line increases in intensity apparently a t  the expense of a neighboring 
line. When this line is of higher frequency than the one whose intensity is 
decreasing, there is considerable probability that the lines arise a t  two levels 
slightly different in energy and end in a common energy level. And the re- 
currence of the same interval in different regions of the spectrum practically 
establishes the existence and separation of the lower energy levels. 

The experimental method has been described6 in another connection. A 
hydrogen discharge tube served as the source of the continuous radiation 

Freed. THIS JOURNAL, 52,2702 (1930). 
Freed and Spedding, Nature, 123,525 (1929). 

a Amelia Frank, Phys. Rev., 39, 119 (1932). 
Ahlberg and Freed, ibid., 39,540 (1932). 
Freed, ibid.. 38,2122 (1931). 
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and the spectra extended from 4200 to  about 2200 A. A Hilger spectro- 
graph of the type E2 was employed. The radiation was passed parallel 
to the optic axis of the hexagonal crystal6 Sm(CzH~S04)3.9Hz0 which was 
about 0.5 mm. thick. For the purpose of lowering the temperature 
of the crystal, liquid hydrogen (20°K.), liquid nitrogen (77OK.), and 
liquid ethylene (16g°K.) were used, all boiling a t  atmospheric pressure. 
The average absolute error in the measurement of the lines is about 5 
cm.-I. Some of the lines were faint or diffuse and there has been listed 
next to each line in the table the number of times i t  was measured and the 
reproducibility of the measurement. The recorded intensities are visual 
estimates and should be trusted only as a measure of relative intensity 
within a restricted region of the spectrum and in spectra originating a t  the 
same temperature. 

1 2 3  4 5 6 7 8 
Absorption spectrum of Srn+++ in Sm(C2H6S04)8.9HaO. 

The group of lines assigned to energy levels have undergone such changes 
in intensity that the increase or decrease in intensity of one line with re- 
spect to another could be told a t  a glance on an enlargement of the spec- 
trogram. 

Intensity 

2 D 
2 D 
3 S 
3 B 
5 S 
5 S 
5 B 
5 B  
1 S 
2 S 
Faint 
3 B 
Faint 
2 S 
Paint 
2 9 

ABSORPTION LINES OBTAINED AT 20 OK. 

Wave number Measured Intensity Wave number 

42,940 * ? 1 2 D 28,241 * 1 
42,915 * 1 2 1 S 28,184 =t ? 
42,867 * 2 4 3 D 28,149 * 0 
42,834 * 1 4 2 D  28,138 * 3.5 
42,542 * 3 3 7 D 27,639 * 1 
42,513 * 3 3 10 B 27,629 * 1 
42,457 * 1 4 7 B 27,597 * 0 
42,321 .t 1 4 5 B 27,585 + 3 .5  
42,260 * 2 4 5 B 27,537 * 0 
42,025 * 1 4 2 D  27,469 * 1 
42,002 * ? 1 Faint 27,403 * ? 
41,949 * 1 4 Faint 26,934 * ? 
38,381 * ? 1 Faint 26,885 * ? 
37,508 * 1 2 3 D  26,735 =t 2 
37,486 .t: ? 1 1 S 26,708 * ? 
37,474 2 2 5 B 26,670 * 1.5 

Measured 

2 
1 
2 
2 
2 
2 
2 
2 
2 
2 
1 
1 
1 
3 
1 
4 

Jaeger, RCC. trav. chim., 33,362 (1914). 



SIMON FREED AND J. G. HARWELL 

Intensity 

Faint 
Faint 
3 S 
3 B 
3 D 
Faint 
2 S 
2 D 
Faint 
Faint 
Faint 
1 S 
1 S 
3 S 
4 B 
2 S 
Faint 
3 D 
2 B 
5 S 
4 B 
2 D  
1 D 
Faint 
2 S 
2 S 
3 D 
Faint 
1 D 
2 D  
Faint 
2 S 
Faint 
1 D 
1 D 
1 D 
Faint 
5 B 
7 S 
4 S 
4 D 
5 S 
5 D 
Faint 

Intensity 

Faint 
3 B 
2 S 

ABSORPTION LINES OBTAINED 
Wave number Measured 

36,540 * ? 1 
36,523 + ? 1 
35,857 * 1 2 
35,834 * 2 4 
34,464 + 6 4 
33,800 + ? 1 
33,656 * 1 2 
33,641 * 1 2 
33,569 + 1 2 
33,515 + ? 1 
33,490 * 2 2 
33,103 * 7 1 
33,074 * ? 1 
32,721 * 0 2 
32,708 1 1 2 
32,691 * 1 2 
32,632 * ? 1 
31,530 * 1 2 
31,511 1 1 2 
31,463 1 0  2 
31,448 * ? 1 
31,401 1 1 3 
31,353 * 4 4 
30,218 * ? 1 
30,211 1 1 5 2 
30,133 * ? 1 
30,115t1 .5  2 
30,106 1 .5  2 
30,071 1 1.5  2 
30,058 1 2 
29,970 * 0 2 
29,953 .t 2 5 2 
30,000 * ? 1 
29,937 * ? 1 
29,255 + 0.50 2 
29,173 1 0  2 
29,084 + ? 1 
29,008 * 0 2 
28,996 + 3 2 
28,964 .t. 1.5 2 
28,949 .t 1 2 
28,936 + 1 2 
28,924 + 1 2 
28,251 * 2 2 

AT 20 OK. 

Intensity 

4 B  
. 4 S  
10 B 
Faint 
Faint 
Faint 
Faint 
Faint 
Faint 
2 D 
2 S 
2 S 
2 S 
2 S 
2 S 
2 S 
2 S 
2 S 
Faint 
5 B 
5 B 
5 S 
1 S 
2 D  
1 S 
4 D  
2 S 
1 S 
1 S 
10 B 
10 B 
1 S 
1 S 
1 S 
5 B 
1 S 
1 s 
1 S 
3 D 
2 S 
2 D  
1 S 
1 S 
7 S 

(Concluded) 
Wave number 

26,650 + 0 
26,621 * 0 
26,597 + 2 
26,566 + ? 
26,514 * ? 
26.487 * ? 
26,449 * ? 
26,408 * ? 
26,372 * ? 
26,296 + ? 
26,261 + ? 
26,230 * ? 
25,943 + ? 
25,915 * ? 
25,793 + ? 
25,775 * 1 
25,739 * 4 
25,714 + ? 
25,614 * ? 
25,586 * 3 
25,543 + 1.5 
25,536 + 2 
25,485 + 5 
25,186 + 0 
25,151 * ? 
25,107 + 0 
25,083 + 3 
24,987 * ? 
24,965 + ? 
24,919 + 0 
24,869 * 4 
24,730 + 4 
24,681 * ? 
24,669 * 1.5 
24,522 + 1 
24,487 * ? 
24,466 + 3 
24,451 * ? 
24,417 * 4 
24,376 1 2 
24,334 * 2 
24,082 * 5 
24,054 * ? 
24,016 + 0 

ABSORPTION LINES OBTAINED AT 77 OK. 

Wave number Measured Intensity Wave number 

42,862 + 1 2 3 D 30,121 1. 2 
42,834 * 1 4 1 B 30,067 * 1 
42,538 * 1 2 5 B 29,010 + 2 

Measured 

2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
3 
1 
1 
4 
2 
2 
2 
2 
1 
2 
2 
1 
1 
3 
4 
3 
1 
2 
2 
1 
2 
1 
3 
3 
2 
2 
1 
4 

Measured 

2 
4 
4 
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Intensity 

2 S 
3 B 
3 B 
31) 
2 S 
2 S 
3 B 
2 S 
2 B 
Faint 
1 S 
3 B 
1 S 
1 S 
1 S 
1 S 
1 S 
2 D  
Faint 
Faint 
Faint 
Faint 
1 S 
2 D 
2 D  
2 D 
Faint 
Faint 
2 D  
1 s 
I S  
1 S 
I S  
1 S 
3 B 
1 S 
2 D 
2 D 
3 D 
2 D  
3 D 
3 D 
2 D 
3 D  

Intensity 

Faint 
2 D  

ABSORPTION I,INBS OBTAINED AT 7T°K. 
Wave number Measured Intensity 

42,513 + ? 1 5 S 
42,457 * 3 4 Faint 
42,430 * 1 2 5 B 
42,423 + 1 2 3 S 
42,374 * ? 1 Faint 
42,351 * ? 1 5 B 
42,319 + 1 4 2 D 
42,283 + ? 1 5 B 
42,251 Et: 1 4 5 B 
42,023 * 2 2 1 S 
41,976 + ? 1 1 S 
41,949 1 1 4 5 S 
37,579 * ? 1 5 s 
37,564 + ? 1 5 S 
37,536 * 3 2 10 B 
37,508 * 4 2 5 S 
37,481 .t ? 1 Faint 
37,450 * 1 4 Faint 
37,404 * ? 1 1 S 
37,306 * ? 1 Faint 
37,287 * ? 1 Faint 
37,275 * ? 1 1 S 
37,000 * 1 2 1 S 
35,846 + 2 4 1 S 
35,833 0 2 2 S 
35,777 + 3 4 I S  
34,714 * ? 1 2 S 
34,628 + ? 1 1 S 
34,467 1 2 4 2 D 
34,415 += 0 2 1 S 
34,409 * 1 3 2 D 
34,384 * ? 1 2 B 
34,370 * ? 1 1 S 
34,351 * 2 4 1 S 
32,723 * I 4 I S  
32,686 * 2 4 1 S 
32,655 * 2 4 1 S 
31,533 * 1 2 10 B 
31,511 + ? 1 10 B 
31,502 * 1 3 2 S 
31,497 + ? 1 5 B 
31,461 + 1 4 5 B 
31,408 + 2 4 2 S 
31,364 * 1 4 Faint 

7 S 

(Concluded) 
Wave number 

28,996 1 ? 
28,978 + ? 
28,945 * 3 
28,936 * ? 
28,251 + ? 
27,647 * 1 
27,595 * 2 
27,540 * 1 
27,478 * 1 
26,737 * I 
26,708 + 1 
26,664 * 2 
26,643 + 2 
26,623 + 2 
26,604 * 1 
26,581 1 1 
26,432 * ? 
26,378 * ? 
26,257 += 0 
25,976 1 2 
25,931 1 
25,786 * 1 
25,746 * 1 
25,664 * ? 
25,588 * 2 5 
25,544 * ? 
25,532 * 1 
25,503 * 1 
25,186 * 5 
25,153 + 0 
25,108 * 2 
25,077 + 0 
25,008 + 2 
24,981 * 3 
24,959 * ? 
24,935 + 0 
24,910 + 2 
24,888 + 2 
24,794 + 1 
24,725 * ? 
24,532 * 1 
24,493 + 1 
24,136 + ? 
24,047 + ? 
24,016 * 0 

ABSORPTION LINES OBTAINED AT 169OK. 
Wave number Measured Intensity Wave number 

37,514 ? 1 5 B 27,549 * 0 
37,457 + 1 2 5 B 27,491 + 0 

Measured 

1 
1 
4 
1 
1 
4 
4 
4 
4 
3 
4 
3 
3 
3 
3 
2 
1 
1 
2 
2 
2 
2 
2 
1 
4 
1 
3 
2 
3 
3 
3 
2 
2 
3 
1 
2 
3 
2 
4 
1 
2 
2 
1 
1 
4 

Measured 

2 
2 



Intensity 

Faint 
Faint 
Faint 
Faint 
Faint 
Faint 
Faint 
3 D 
3 D 
1 D 
1 D 
Faint 
3 B 
Faint 
Faint 
2 D 
2 D 
3 D 
2 D 
1 D 
1 S 
Faint 
1 S 
2 D 
5 B 
7 B 
1 S 
1 S 
5 B 
1 s 
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ABSORPTION LINES OBTAINED AT 160°K. 
Wave number Measured Intensity 

35,838 * 0 2 1 S 
35,777 * 0 2 1 S 
34,680 * ? 1 1 S 
34,533 * ? 1 1 S 
34,467 * 1 2 Faint 
34,418 * 0 2 Faint 
34,360 * 1 2 1 S 
32,728 * 1 2 1 S 
32,666 * 1 2 5 S 
31,903 * ? 1 5 B 
31,883 * ? 1 2 S 
31,540 * ? 1 1 D 
31,510 * ? 1 1 S 
31,505 * ? 1 1 D 
31,494 * ? 1 1 S 
31,458*1.5 2 1 S 
31,416 * 1 2 10 B 
31,371 * 1 2 10 B 
31,295 * ? 1 1 S 
31,259 * ? 1 1 S 
30,169 * ? 1 1 S 
30,158 * ? 1 3 D 
30,118 * 1 2 5 B 
30,072 * 2 2 5 B 
29,015*2.5 2 1 S 
28,955 * 0 2 1 S 
28,673 * ? 1 5 S 
28,642 * ? 1 3 S 
27,639 0 2 3 D 
27.591 * 1 2 

(Concluded) 
Wave number 

27,439 * ? 
27,405 * ? 
27,349 * ? 
27,307 * ? 
26,850 * ? 
26,800 * ? 
26,762 * ? 
26,736 * 0 
26,654 * 1.5 
26,609 * 2.5 
25,596 * 2 
25,550 * 0 
25,200 * 0 
25,119 * 1.5 
24,936 * 1 
24,919 * 2 
24,895 * 2 
24,814 * 0 
24,742 * ? 
24,669 * 1 
24,627 * 3 
24,567 * ? 
24.529 * 3 
24,511 * ? 
24,535 * 1 
24,350 * 0 
24,037 * 1 
23,986 * 1.5 
23,941 .t 1 

Measured 

1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
2 
2 
1 
2 
1 
2 
2 
2 
2 
2 

For convenience, the groups have been numbered on the reproductions 
of the spectra. Below each diagram is given a list of the frequencies de- 
rived from the energy levels and these are compared with the observed fre- 
quencies for each group of lines. All the deviations are well within the 
errors of measurement. Groups 4,7, 8 and 10 under low dispersion appear 
as doublets having the same energy difference at  each temperature. Under 
higher dispersion, each line is found to be doubled and with the data in 
hand it is impossible to prove rigorously whether the "fine-structure" 
energy level belongs to the basic term system or not. More data, we are 
informed, will be available soon in a more extensive paper by Spedding and 
Bear from Berkeley? If the "fine-structure" level is assigned to the basic 
multiplet, it  becomes possible to include the quartet 5 and also the sextet: 
3 and 6. This arrangement of levels has a considerable degree of proba- 
bility and by its aid all the multiplets in which marked intensity changes 
occur can be interrelated. 

7 Spedding and Bear, Phys. Rev., in press. 
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Below is a typical example of an energy level pattern which the quartets 
4, 7,8  and 10 accord with and also the basic separations which are valid for 
all of them. The intensities too agree with these assignments. 

Separation of Calcd. 
Temp., upper level, line, 

Group OK. cm.-1 cm.-1 
4 20 12 

28,996 
28,948 
28,936 

77 12 
28,998 
28,945 
28,933 

169 
28,956 

7 20 12 
32,708 too faint 

77 
32,658 

169 
32,668 

8 20 23 
35,834 

77 12 
35,834 
35,781 

169 
35,778 

10 20 
42,261 

77 
42.254 

Observed line, 
cm.-1 

29,008 (accepted) 
28,996 * 3 
28,949 * 1 
28,936 * l 
29,010 (accepted) 
28,996 * ? 
28,945 * 3 
28,936 * ? 
29,016 (accepted) 
28,955 * 0 
32,721 (accepted) 

Deviation. 
cm.-1 

0 
1 
0 

2 
0 
3 

1 

32,723 * 1 (accepted) 
32,655 1 2 3 
32,728 * 1 (accepted) 
32,666 * 1 2 
35,857 (accepted) 
35,834 
35,846 * 2 (accepted) 
35,833 * 0 1 
35,777 * 3 4 
35,838 * 0 
35,777 * 0 1 

42,321 (accepted) 
42,260 * 2 1 
42,319 * 1 (accepted) 
42,251 * 1 3 

Some of the lines which one would normally expect from these levels 
were too faint to be measured. At higher temperatures, some of the lines 
were so diffuse that the average between two unresolved lines is given. 

There can be no doubt concerning the existence of an interval of 60 



em.-l (at 20°K., 65 em.-1 a t  77OK. and 60 em.-' a t  16g°K.) between 
two energy levels in the basic multiplet. Also, there is little doubt but 
that  this interval can be related to the influence of the electric fields of the 
lattice upon %IH. It may be predicted a t  this point that a close study of 
the specific heat measurements a t  low temperatures will confirm the ex- 
istence of this interval. 

Based upon the same pattern of levels as those given above, the quartet 
5 will have the following basic intervals: 60 em.-' a t  20°K., 54 em.-' 
a t  77OK. and 43 cm.-I at 16g°K. 

Temp., Calcd. line, 
Group OK. cm.-1 

5 20 
30,130 
30,070 
30,055 

77 
30,007 

169 
30,075 

Obs. line, 
cm.-1 Deviation 

30,115 + 2 (accepted) 
30,133 + ? 3 
30,071 * 2 1 
30,058 * 1 3 

30,121 * 2 (accepted) 0 
30,087 * 1 

30,118 =t 1 
30,072 + 2 3 

Now it  is clear that if the 12 em.-' interval (the "fine-structure" inter- 
val) is inserted in the basic multiplet of 4,  7, 8, 10, the group 5 fits into the 
same scheme as groups 4,7, 8,10 and we shall see later the sextets 3 and 6 

will also be associated with the same levels. As an 
Quartets 4 and 5 example we shall give the energy levels of group 4 
77' K' and 5 a t  77OK., employing the same basic multiplet 

for both. 
The fact that the "fine structure" interval is of the 

same magnitude in all groups (with the possible excep- 
tion of 8)  is evidence for including it in the basic multi- 

l2 plet. Its inclusion results naturally in any attempt to 
5 3  superpose the levels of the groups for the purpose of 
12 obtaining all the components into which 6H6/2 has been 

split. It must be stated again that more data are 
necessary for this purpose, especially spectra a t  the temperature of liquid 
helium. 

Since the spectrum of Sm+++ consists of rather isolated groups, one 
would expect the lines to originate and end a t  neighboring levels. The 
intensities justify this point of view as the components of greater fre- 
quency always become more intense as the temperature is reduced. The 
sextets 3 and 6 contain the same energy interval as the quartet 5 and the 
intensities of corresponding lines behave in the same way with regard to 
temperature. We shall therefore associate 3 and 6 with the same basic 
states as 5. Below is the energy level pattern of 3 based upon that of 5. 
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Temp., OK. Calcd. line, cm.-1 Obs. line, cm.-1 Deviation, cm.-1 

20 27,639 * 1 (accepted) 
27,629 27,629 * 1 0 
27,597 27,597 * 0 0 
27,579 27,585 * 6 6 
27,537 27,537 * 0 0 
27,469 27,469 * 1 0 

27,637 * 1 (accepted) 
27,595 27,595 * 2 0 
27,543 27,540 * 1 1 
27,478 27,478 * 1 0 

27,639 * 0 
27,591 27,591 * 1 0 
27,548 27,549 * 0 0 
27,491 27,491 * 0 0 

The sextet 6 follows a similar pattern, its first interval being identical 
at each temperature with that of 3 but the over-all separation of the basic 
multiplet is slightly different. This difference can probably be ascribed to 
another "fine structureJJ interval in the basic term system. 

The lines which have been studied here because of the variation in their 
intensities constitute about one-half the prominent lines of the spectrum. 

A part of this experimental work was done by one of us (S. F.) during his 
stay in the laboratory of Professor de Haas, Leyden, Holland, while he was 
a fellow of the John Simon Guggenheim Memorial Foundation. 

Summary 

The absorption spectra of Sm+++ in the hexagonal crystal Srn(GH6S04)3- 
9Hz0 were taken parallel to the optic axis at  20, 77 and 16g°K. Absorp- 
tion lines are listed in the region of the spectrum between 4200 f i .  and 
2200 A. 

This paper is principally concerned with the various electronic configura- 
tions in the basic multiplet, especially as they result from the interaction of 
Sm+++ and the electric fields of the lattice. In consequence, all the lines 



whose relative intensities vary with the temperature have been studied in 
terms of energy level diagrams. 
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[CONTRIBUTION FROM THE COBB CHEMICAL LABORATORY, UNIVERSITY OF VIRGINXA] 

The Photodissociation of Hydrogen Peroxide in the Presence 
of Hydrogen and Carbon Monoxide and the Recombination of 

OH Radicals 

The ultraviolet absorption spectrum of hydrogen peroxide in the gas 
phase has been determined by Urey, Dawsey and Rice.2 The authors 
conclude that for every absorbed light quantum two hydroxyl radicals are 
formed according to the equation 

HpOz + hv = 20H (1) 

Hydroxyl radicals are also involved in Bonhoder and Haber's scheme of 
the hydrogen and carbon monoxide combustiona 

H + 0 2  + Hz = Hz0 + OH ( 2 )  
OH + Ha = Hz0 + H (3) 

or OH + CO = COZ + H, (4) 

This scheme has been discussed by Frankenburger and Klinkhardt4 

who carried out experiments on the action of photochemically generated 
hydrogen atoms in hydrogen and oxygen mixtures. They propose that 
reaction (2) should be followed either by (3) or by 

OH + OH + M = H202 + M ( 5 )  

and that reaction (3) should require an activation energy of not less than 
14,000 cal. An activation energy of that order would keep the rate of (3) 
sufficiently small until about 400° to make (5) the predominant reaction. 
The formation of chains would thus be prevented until about that tempera- 
ture, which is consistent with the observed behavior of hydrogen-oxygen 
mixtures. 

In the present work, mixtures of hydrogen peroxide vapor with hydrogen 
or carbon monoxide were exposed to the light of a condensed zinc spark. 
A small but distinct reaction was observed in both cases, suggesting the 
occurrence of reaction (1) and (3) or (1) and (4). In view of Franken- 
burger and Klinkhardt's work, most of these experiments were made with 
hydrogen. If OH was formed, according to (I), these experiments should 
allow one to test the reaction scheme proposed by these authors. In the 

(1) Research Associate, University of Virginia. 
(2) Urey, Dawsey and Rice, Tars JOURNAL, 61, 1371 (1929). 
(3) Bonhoeffer and Haber, 2. physik. Chem., 1378, 263 (1928). 
(4) Frankenburger and Klinkhardt, Trans. Faraday Soc., 123,421 (1931); Z. physik. Chem , 168, 

421 (1932). 
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first place, the observed rates of hydrogen consumption should correspond 
to an activation energy of not less than 14,000 cal. This is indeed the 
case? but this fact alone is not sufficient for the test. The purpose may be 
achieved by varying the experimental conditions which influence the rate of 
hydrogen consumption. If the reaction scheme is right, one should be able 
to predict changes of this rate. If the observed changes do nol: check with 
those theoretically predicted within a reasonable limit, the scheme certainly 
would appear rather doubtful. 

Experiments and Results 
The apparatus consisted of a closed flow system filled with either hydrogen or ear- 

bon rnonoxidc. The details will appear from the figure. The small bubbler within the 
thermostat contained a 95% hydrogen peroxide solution which was prepared as in the 
method of Rice, Reiff and Kilpatrick.' The liquid was sufficiently shielded against 
direct or stray radiation from the zinc spark. Oxygen within the system could be re- 
moved by passing the gas flow through a pyrogallol solution. 

Fig. 1.-Apparatus for measuring photochemical reactions of hydro- 
gen peroxide in the gas phase. 

The data obtained are given in Table I. The first column shows the time 
for which the mixtures were exposed to ultraviolet light. The next three 
columns give the actual pressure changes effected by illumination. In 
some experiments, the oxygen was allowed to accumulate and afterward 
removed by pyrogallol. The fifth column contains the partial pressure of 
hydrogen peroxide in the mixture. It is calculated from the amount of 
hydrogen peroxide evaporated and the volume of hydrogen passing in a 

(5) Von Elbe and Lewis, THIS JOURNAL, 64, 652 (1932). 
(6) Rice, Reiff and Kilpatrick. ibid., 48,3019 (1926). 



given time. The latter is given in the next column. The hydrogen per- 
oxide was caught in a water trap, except for the small amount which was 
used in the reaction. This amount was so small, indeed, that it did not 
appreciably change the hydrogen peroxide partial pressure. At the end of 
the run the contents of the ice water trap were removed and titrated with 
0.1 N potassium permanganate. The seventh column shows the tempera- 
ture of the thermostat. The last two columns show the number of hy- 
drogen molecules disappearing and oxygen molecules formed during the 
illumination per sec. per cc. Since the reaction took place in the quartz 
vessel only, these last values were obtained by dividing the total number of 
molecules disappearing or formed per second by the volume of the quartz 
vessel which was 86 cc. The total amount of hydrogen and oxygen dis- 
appearing per see. was obtained from the observed rate of pressure change, 
als given by the first four columns, the temperature and the total volume of 
the apparatus, namely, 218 cc. 

The experiments can roughly be divided into two groups: those a t  40° 
And a hydrogen peroxide pressure of 4 to 5 mm., and those a t  2S0 and 
about 2 mm. hydrogen peroxide. It was not advisable to raise the tempera- 
ture much above 40°, because the decomposition of hydrogen peroxide 
in the liquid phase then became appreciable. I t  was also not advisable to 
go lower than about 2a0, because the rate of reaction was too small. 

The number of light quanta entering the vessel per sec. was estimated in 
the following way. Mixtures of hydrogen and hydrogen bromide were 
passed through the quartz vessel, while the zinc spark was running, and the 
free bromine formed was measured. According to E. Warburg, for each hv 
absorbed one bromine is f ~ r m e d . ~  The results are shown as follows 

H Br partial pressure (mm. Hg) 52 98 118 
hr absorbed per see. X 10-16 4.4 4 . 7  5.2 

For the hydrogen bromide decomposition the same two line groups are 
responsible which cause the hydrogen peroxide decomposition, namely, 
the groups around 2070 a. and around 2530 A. However, they are ab- 
sorbed a t  diierent percentages which can be calculated for hydrogen 
bromide from Warburg's data, and for hydrogen peroxide vapor from the 
ptork of Urey, Dawsey and Rice,2 the length of the light path being, in the 
present case, 5 cm. In the above table, the apparent depending of the 
dumber of hv absorbed upon the hydrogen peroxide pressure may be at- 
tributed to changing absorption in the 2530 group. A calculation on this 
basis shows that the number of light quanta entering the vessel per see. is 
3.2 X 1016 in the 2070 group, and 2.4 X 1016 in the 2530 group. If the 
vessel is filled with hydrogen peroxide vapor a t  5 mm., the first group will 
be absorbed to 26%, the other to 7y0. The total absorption will amount 
to 1.0 X 1016 hv per sec. This yields 23 X 1013 OH radicals per sec. per cc. 

(7) Warburg, Stlzb preuss r lkad.  VViss., 314 (1916). 





Discussion 
As mentioned before. reactions (3) and (5) provide a scheme for the 

reactions subsequent to the OH formation. If this scheme is true the 
disappearance of hydrogen would then be accounted for by (3), while a 
certain excess of OH should disappear unnoticed according to (5). The 
formation of oxygen requires some special consideration. One might 
consider the reactions 

OH + OH = H20 + 0 ( 5 )  
Hz02 + 0 Hz0 + 0 2  (7) 
O + O + M = O z + M  (8) 

of which (6) has been proposed by Bonhoeffer and Pearsoas This reaction 
(6) cannot be applied to the present experiment without interfering with 
Frankenburger and Klinkhardt's scheme. No way is left in their scheme 
for an appreciable consumption of OH according to (6), which means that 
collisions of OH among themselves must be largely ineffective, so ineffective 
that three-body collisions according to (5)  dominate. This is perfectly 
consistent with the experimental facts of Bonhoeffer and P e a r s ~ n . ~  Also 
in the present experiments reaction (6) cannot play a role if Frankenburger 
and Klinkhardt's scheme is true, because the hydrogen concentration and 
temperature were about the same as in their experiments and the relation 
between the number of two-body and three-body collisions must be the 
same as in their experiments. 

Another reaction in which oxygen may be formed is 
OH + OH t- Hz02 = 2Hz0 + Oa (9) 

But this reaction, however plausible, would not fit in the scheme either, 
because three-body collisions would occur much more frequently with 
hydrogen molecules than with hydrogen peroxide molecules since the 
concentration of the former is higher by the order of lo2. Thus, reaction 
(5) would suppress reaction (9) completely. 

As far as the author can see, all oxygen forming reactions are now dis- 
posed of9 save those in which OH remains unaffected as, for example 

OH + Hz02 = Hz0 + 0 + OH (10) 

This reaction, which would be analogous to the conversion of para to 
normal hydrogen by hydrogen atoms, would be endothermic, but there is an 
excess of energy of the dissociating light quanta, forming rather "hot" OH 
radicals. Another possibility might be 

OH $. Hz02 + HzOz = 2Hz0 f 0 2  + OH (11) 

The point is that by applying the Frankenburger-Klinkhardt scheme the 
oxygen formation in the present experiments must be considered as due to a 
kind of catalytic decomposition of hydrogen peroxide and not involving the 
disappearance of OH radicals. If the Frankenburger-Klinkhardt scheme 
holds, these radicals can only disappear according to (3) and (5). 

(8) Bonhoeffer and Pearson, Z. Physik. Chem., 14B, 1 (1931). 
(9) Compare the discussion of this subject in Bonhoeffer and Pearson's paper. 
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The rate of OH formation according to (1) per sec. per cc. can be sym- 
bolized by +d[OH]/df (0, of OH disappearance according to (3) and (5) 
by -d[OH]/dt (3) and -d[OH]/& (5).  Then for the stationary state 

-4- dIOH1 - = - d [ O H ]  - d [ O H ]  
dt (1: dt  (8) 

4- ---- 
dt (a) 

+d[OH]/dt equals twice the amount of h~ absorbed per see. per cc. and 
is, therefore, determined by the hydrogen peroxide concentration and the 
light intensity. -d[OH]/df (3, equals the number of hydrogen molecules 
disappearing per sec. per cc., or the number of successful binary collisions 
OH + Hz, given by the equation 

NEp = number of H2 per cc. = 22.1 X 1018 for h, = 71 cm., t = 40°C. 
Nola = number of OH per cc. 
u1.e = 2.3 X lo-' 

R = 8.313 X lo7 
-d[OH]/dt (5), the rate of recombination of OH to hydrogen peroxide, 
cannot be observed directly. I t  equals the number of ternary collisions 
(5) per sec. per cc., and is estimated by Frankenburger and Klinkhardt in 
the usual way (for atmospheric pressure) as lo-* times the number of 
binary collisions OH f OH. The value is 2.77 X 10-l5 WOH binary 
collisions per sec. per cc. This (their) value can, therefore, be used here 
because the hydrogen concentration is about the same and the temperature 
dependency so small as to be negligible in this rough calculation. 

For the following calculations an accuracy of a factor ten is quite suffi- 
cient for this value of the number of ternary collisions. 

Equation (12) becomes 

and 

Taking experiment No. 9 as a specific example and assuming that 
23 X 1013 OH are formed per sec. per cc., one obtains from (14) 

23 X los3 = 7 X 109 e-Q/313 R Non + 2 X 2.77 X 10-l5 N:, 

and from (15) 
7 X lo0 e-Q/Sl, R NOH = 6.8 X 1018 

After elimination of NoH, Q turns out to be 14,780 cal. 
Now, if in experiment No. 9, the partial pressure of hydrogen peroxide 

were 2 mm. instead of 5.1 mm., the light absorption would be only 4.5 X 
1013 hv per see. per cc. corresponding to 9 X 1013 OH formed per sec. per cc. 
If a t  the same time a temperature of 28' is assumed, instead of 40.5O, 
equations (14) and (15) change to 

9 X 1013 = 6.9 X lo9 e-14,780/301 R NOH + 2 X 2.77 X N&, 



and 
6.9 X lo0 e-14,780/301 R NoE = - d[Hz]/dt 

After elimination of NOH and employing the value of Q derived above one 
obtains for the number of hydrogen molecules disappearing per sec. per cc. 
the value 1.87 X 1013. 

This value, which should be right for 28" and 2 mm. water pressure, is 
less than one-third of the value 6.8 X 1013 found experimentally for 40' 
and 5.1 mm. hydrogen peroxide pressure. This large difference holds not 
only for the above specific example but for all corresponding experiments 
in Table I. Furthermore, the result is only slightly dependent on as- 
sumptions concerning the three-body collision frequency and on errors in 
thb assumed rate of OH formation. The three-body collision frequency 
might be wrong even by a factor ten without an appreciable change in the 
above result. The rate of OH formation might have been overestimated, 
but even if in the above example a value of 7.7 X l O I 3  instead of 23 X 1013 
is taken-which would just be reconcilable with a value of 14,000 cal. for 
+the hydrogen consumption would be altered only to 2.5 X 1013 mole- 
cules per sec. per cc. It appears, therefore, that for the present experi- 
ments, if a change of the hydrogen peroxide pressure from 5 mm. to 2 mm. 
and of the temperature from 40 to 28O is made, the rate of hydrogen dis- 
appearance should decrease to one-third or less, if the proposed reaction 
scheme holds. This is obviously not in agreement with the facts. The 
above specific example, experiment No. 9, may properly be compared with 
experiment No. 13, because they were run one immediately after the other, 
thus, ensuring similar conditions. In No. 13 a rate of 4.2 X 1013 hydrogen 
disappearing was found, which corresponds to a decrease to two-thirds 
rather than one-third of the rate of No. 9. But besides this specific case, 
the decrease in the rate generally in all the experiments corresponds to 
certainly not more than a half, the mean value in group one being 7.2 X 
1013 Hz per cc. per sec. and in group two 3.6 X 1013 Hz per cc. per sec. 

From the above it can be concluded that the scheme consisting of re- 
actions (I), (3) and (5) should be discarded. In the opinion of the author, 
the experiments and calculations are sufficiently accurate to justify this 
statement. On the other hand, it seems to be difficult to ascertain what 
has to be eliminated. 

From the work of Urey, Dawsey and Rice i t  seems to be fairly well 
established that Hz02 + hv = 20H. If this cannot be disputed, objections 
may be raised only against the occurrence of reaction (3) and (5). The 
reaction (3), (OH -I- H2 = Hz0 + H), however, seems to be most plausible 
for explaining the actually observed disappearance of hydrogen. It seems, 
therefore, that the reaction which is most probably a t  fault is reaction (5 ) ,  
OH + OH t Hz = Hz02 + Hz. However, no other facts are published in 
the literature which might lead to objections agaillst reaction (5 )  except 
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this process of elimination. As already pointed out by von Elbe and Lewis5 

the paper of BonhoefTer and Pearson does not contain any experimental 
material contradictory to Frankenburger and Klinkhardt's conclusions. 

With reaction (5) discarded, an explanation for the formation of hydrogen 
peroxide is still to be sought. Marshalllo some time ago proposed the 
intermediate formation of HOz. While there is no experimental evidence 
for this, there is certainly no evidence against it. 

In the present experiments the following scheme can be proposed 
Hz02 + hv = 20H (1) 

OH + Hz = Hz0 + H (3) 
OH + OH + HzOz = 2Hz0 + On (9) 

Perhaps this is a plausible scheme, as a rough calculation indicates. If for 
ternary collisions (9) a similar expression is used as for ternary collisions 
(5) previously, i t  follows that Q for reaction (3) equals 16,000-17,000 cal., 
and that the rates of hydrogen consumption and oxygen formation in both 
groups of experiments change by about one-half. It is hoped, however, 
that further experiments will allow more definite conclusions to be drawn 
on the subject. 

Summary 

3 .  Mixtures of hydrogen peroxide vapor and hydrogen or carbon mon- 
oxide were exposed to the light of a zinc spark. The kinetics of the re- 
action between the assumed product of dissociation-namely, OH-and 
hydrogen or carbon monoxide was studied a t  different partial pressures 
and temperatures. 

2. The results do not sustain the reaction scheme of Frankenburger and 
Klinkhardt involving the recombination of two OH to hydrogen peroxide. 
However, there are no facts available which disturb the Bonhoeffer-Haber 
mechanism for the formation of water from hydrogen and oxygen. 

CHARLOTTESVILLE, VIRGINIA RECEIVED JULY 7, 1932 
PUBLISHED JANUARY 11, 1933 

(10) Marshall. J. Phys. Chem., 30, 1078 (1026). 



70 LOUIS P. HAMMETT AND ARTHUR E. LORCH VO~.  55 

[CONTRIBUTION FROM THE DEPARTMENT OF CEEMISTRY. COLUIUIIA UNIVERSITY] 

A Study of the Catalytic Properties of Bright Platinum and 
Iridium Deposits in the Activation of Hydrogen1 

BY LOUIS P. HAMMETT AND ARTHUR E. LORCH 

While there are many reasons for believing that quality of surface is 
a t  least as important as quantity of surface in determining the activity 
of a contact ca ta ly~t ,~  it has been in practice extremely difficult to separate 
these variables, and indeed to standardize conditions so that catalysts 
of reproducible properties may be obtained. The prospect of so doing 
was, however, considerably advanced by the discovery3 that smooth 
bright surfaces of the platinum metals, surfaces therefore of an area as 
definite as may be hoped for on a solid metal, may be obtained which are 
very effective for the catalytic activation of hydrogen. The present 
study is concerned with the determination and investigation of those fac- 
tors which affect the catalytic properties of electro-deposited platinum 
and iridium and especially the decrease in activity which occurs when 
such catalysts are exposed to the activated substance hy~irogen.~ 

Measurement of Activity.-Catalytic activity was determined by 
measuring the specific rate of the electrochemical reaction 

Ha 2H+ + 2e 

by determination of the polarization of an electrode carrying the catalyst. 
By means of the apparatus shown in Fig. 1 current-potential curves were 
obtained, the potential E being measured by a Leeds and Northrup Type 
K potentiometer, and the current by determination of the potential drop 
across a known resistance in the circuit. The slope of these curves at  
the point of zero current, in amperes per volt, and for a gross area of 1 
sq. cm. at 2 5 O  is reported as the catalytic activity. Since there is no dis- 
continuity of slope at the equilibrium potential, it is immaterial whether 
the slope be determined by experiments in which hydrogen is oxidized ( AE 
and I positive), as is the case with most of the results here reported, or 
by experiments in which hydrogen ion is reduced. 

Our interest being principally in the comparison under identical condi- 
tions of electrodes of different preparation, we designed the apparatus 
to hold as many as ten electrodes closely and equivalently grouped around 
the salt bridge outlet, and used only the gentle stirring furnished by the 
hydrogen stream at a rate of two or three bubbles a second. The gain 

This article is based upon part of the dissertation submitted by Arthur E. Lorch 
to the Faculty of Pure Science of Columbia University in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy, May, 1932. 

See for instance the discussion in Taylor's "Treatise on Physical Chemistry," 
2d ed., D. Van Nostrand Co., New York, Vol. 11, pp. 1088-1089. 

(a) Beans and Hammett, THIS JOURNAL, 47, 1215 (1925); (b) Hammett, ibid., 
46, 7 (1924). 
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in comparability of results more than compensates for the loss in precision 
of the measurement of absolute activity which is implied by the omission 
of a capillary extension of the salt bridge and by the greater effect of 
concentration polarization. Values of activity greater than 0.01 ampere 
per volt/sq. cm. are reproducible to 5 or lo%, and might be increased by 
very efficient stirring as much as several thousand per cent. To such 
figures only slight significance can be attached. Below about 0.005 the 
values are reproducible to about ly0 and are altered only a few per cent. 
by increase in stirring rate. 

Fig. 1. 

Materials.-Hydrogen was prepared by electrolysis of 30% sulfuric acid which 
was tested and found free from arsenic. The cathode consisted of a large copper sheet 
and the anode of a lead rod, the material for the latter having been specially freed 
from arsenic by fusion with lead chloride. The use of sulfuric acid as electrolyte 
eliminates the nuisance of fine spray, as when alkali is used, and in addition makes 
possible the continuous service of the generator for many months without appreciable 
solution of the electrodes. With the low currents used (0.05 to 0.5 ampere per sq. 
dm.) little if any reduction of sulfate ion occurs. In the purification we have especially 
guarded against traces of hydrogen sulfide, of sulfur dioxide, of arsine, and of lead 
hydride4 as well as against oxygen. In the hydrogen line were placed long columns 
of cotton and soda lime, heated copper gauze, calcium chloride or "hydralo," and a 
coil immersed in liquid air. Rubber deteriorates in a hydrogen atmosphere, and emits 
foul-smelling products which we found to poison the catalysts. The stopper in our 
cell was a cork wdl soaked in paraffin wax, capped over with wax and painted with 
shellac when in place. Only one rubber connection was used in the hydrogen line, and 
in this a fresh piece of tubing was used in each experiment, and was protected from the 
hydrogen. 

4 Paneth and Nijrring, Ber., 53, 1693 (1920). 
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Water was twice distilled through a tin condenser and was stored in non-sol bottles. 
Hydrochloric acid was distilled in Pyrex glass. 

Chloroplatinic acid was prepared by dissolving the metal in aqua regia followed 
by two precipitations with ammonium chloride, the precipitate being ignited each 
time and redissolved in aqua regia. The final solution was freed from nitrates by ten 
to fifteen evaporations to dryness with hydrochloric acid on a steam-bath. 

Chloroplatinous acid was prepared by heating chloroplatinic acid a t  about 300" 
for one hour, and dissolving the residue in hydrochloric acid to give a solution about 
one molar in hydrochloric acid and with I to 5% of chloroplatinous acid. 

"Iridium tetrachloride" from two different sources was used with equivalent 
results. The most likely composition for the substance usually sold as iridium tetra- 
chloride seems to be about IrCla.~1.6HC1.4.5Hz0.~ At least it is essentially quad- 
rivalent iridium. Tests on a small sample by the methods of Noyes6 showed that the 
proportion of other noble metals present was certainly less than 3%. 

Chloroiridous acid was prepared by the method of DC.le~ine,~ the tetrachloride 
being boiled with dilute alcohol in acid solution until metallic iridium began to form. 
The solution was then evaporated to dryness, and the residue dissolved in hydrochloric 
acid to give a solution about one molar in hydrochloric acid and with 1 to 3% of HaIrCle. 

Preparation of Electrodes.-A gold foil 0.65 cm. square free from etching and 
scratches was used as the base for the electro-deposit. I t  was found necessary to cut 
all electrodes for comparison from the same piece of foil in order to ensure approximately 
equal areas as a base for the plating operation. The square piece of foil was welded 
a t  a comer to a fine platinum wire and this was sealed into soft glass tubing in such a 
way as to leave a negligible amount of platinum exposed. During the sealing the gold 
foil was held in a pair of tweezers to keep it from melting. Prior to plating the elec- 
trodes were thoroughly cleaned (a few minutes in warm chromic acid) to ensure even 
deposition. This is especially important when using low current densities. 

The production of bright deposits from chloroplatinic acid is difficult and uncer- 
tain, and it seems likely that the favorable results previously found3' with purified 
chloroplatinic acid depended upon the presence of chloroplatinous acid produced by 
over-heating in the evaporation of the chloroplatinic acid. In the absence of chloro- 
platinous acid we now find that high current densities lead to grayish or spongy de- 
posits and low current densities lead to no deposit. 

A plating bath of chloroplatinous acid, on the other hand, gives brilliant deposits 
over a wide range of current densities. Since we have found that the presence of small 
amounts of oxidized material during the plating greatly affects the activity of both 
platinum and iridium catalysts, and since it decreases the current efficiency, we have 
used a U-shaped plating cell in which anode and cathode compartments were separated 
by a plug of filter paper. When working with low current densities we have excluded 
oxygen by bubbling nitrogen through the cathode compartments and by providing 
the gas outlet with a trap. 

The current efficiency of the deposition of platinum was determined as follows. 
A piece of gold foil was carefully cleaned, heated to redness, weighed, then very loosely 
welded to a platinum wire which was sealed into a glass tube. The gold foil was cleaned 
again and half immersed in the plating bath so that no metal could be deposited near 
the platinum wire. The plating current was accurately measured a t  short time in- 
tervals by means of a potentiometer and known resistance. The finished deposit was 

Delkpine, Ann. chim., 191 7 ,  277 (1917). See also Kraus and Gerbach, Z. anorg. 
allgem. Chem., 147, 265 (1925). 

6 Noyes, "A System of Qualitative Analysis for the Rare Elements," The Mac- 
millan Co., New York, 1927. 
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washed thoroughly and the  gold foil was pulled away from the platinum wire. A 
blank experiment showed that  with the proper technique this could be done without 
any measurable loss in the weight of the gold foil. After careful washing the gold foil 
and platinum deposit were heated to  red heat and then weighed again. Weights, 
balance and current measuring devices (resistance and potentiometer circuit) were 
very carefully checked t o  ensure the reliability of the results. These are given in 
Table I. 

TABLE I 
Plating efficiency of 

Wt. of P t  Average current on basis 
deposit, mg. Time of plating current, ma. Pt + -+ Pt, per cent. 

20.93 6 hrs. 0 min. 0.900 106.7 
16.43 7 0 .590 109.5 
24.90 12 6 .537 105 5 

The experimental errors connected with these determinations are estimated as  less 
than one per cent. We can explain these results either by assuming that a tremendous 
amount of adsorption takes place on the platinum or by assuming the existence of mono- 
valent platinum in the solution. I t  seems most likely that the latter is the correct as- 
sumption. The existence of monovalent platinum has been suggested by several in- 
vest igator~,~ but is not generally accepted. 

Chloroiridic acid solutions give bright deposits over a wide range of current den- 
sities, but the current efficiency is low, and we have not been able to  obtain reproducible 
catalytic activities. 

Chloroiridous acid solutions give bright deposits a t  current densities from 0.05 to  
50 milliamperes per square centimeter when the solution is stirred. We have not meas- 
ured directly the current efficiency but the assumption that the thickness of a layer of 
iridium required to  just conceal the color of the gold base is the same as that of a platinum 
deposit of the same covering power leads to  values between 90 and 100'3& The conclu- 
sion that  the efficiency is high and constant is supported by the reproducibility of the 
catalytic properties of the deposits. 

Reproducibility of Catalytic Activity and Life.-In Fig. 2 we have 
the results of a test of the reproducibility of the preparation of bright 
iridium catalysts from chloroiridous acid solutions. The six catalysts 
in question were prepared in the order of their numbers at a current den- 
sity of 0.418 milliampere per square centimeter over a period of twenty-five 
minutes. After washing they were introduced into 0.1 molar hydro- 
chloric acid in the cell of Fig. 1, which was placed in a thermostat a t  25O, 
the hydrogen current was started, and the activity was determined from 
time to time. In the figure the logarithm of the activity is plotted against 
time. It will be noted that with the exception of number 1, the catalysts 
are very nearly identical in their activity-life curves. The deviating be- 
havior of number 1, a type of behavior which we have consistently found 
with the first electrode or two prepared from a fresh solution, is probably 
to be ascribed to the presence in the solution of quadrivalent iridium, 
which we have found to give catalysts of slower decay. 

Lea, 2. anorg. Chem., 8, 121 (1895); Sonstadt, Proc. Chem. Soc., 14, 25 (1898); 
Wohler and Streicher, Ber., 46, 1.591 (1913); Wohler and Ralz, Z. anorg. allgem. 
Chem., 149, 353 (1925). 
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I n  Fig. 3 are given the results of a similar test with platinum, the cata- 
lysts being bright platinum plated in the order of their numbers from 
chloroplatinous acid solution for thirty minutes a t  a current density of 
0.80 milliampere per square centimeter. The reproducibility of properties, 
while not so good as with iridium, is still excellent for a contact catalyst. 
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Fig. 2. 

We have found that differences in temperature during the plating of 
as much as 10' have a negligible effect upon catalytic properties. 

-2 

-3 

1 2 3 4 5 6 7 8 9 1 0  
Exposure to hydrogen, days. 

Fig. 3. 

The Nature of the Decay in Catalytic Activity.-The decay in activity 
in a hydrogen atmosphere may be explained in terms of (1) reversion of 
active and unstable atoms or atomic groupings on the surface to less ac- 
tive states, a process inhibited by the presence of adsorbed oxygen, and 
accelerated by hydrogen only because of the removal of this inhibition; 
(2) a relation between the activation of hydrogen and the exhaustion of 
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the catalyst; (3) a poisoning of the catalyst occurring only when the pro- 
tecting layer of oxygen is removed by hydrogen. 

We reject the third explanation on the basis of the following considera- 
tions. The very carefully purified hydrogen used in these experiments 
produces a decay qualitatively identical with that produced in earlier 
work by commercial tank hydrogen and by hydrogen made in the labora- 
tory by eIectrolysis of sodium hydroxide solutions with nickel electrodes. 
The omission of the liquid-air trap in our hydrogen train produced no 
measurable change in the rate of decay. The known poison, hydrogen 
sulfide, is reversible in its effect, the activity increasing when the poison 
is removed; and the decrease in activity produced by saturated hydro- 
gen sulfide solution is less than that produced on long aging in the presence 
only of the purest hydrogen, water, and hydrochloric acid. In further 
experiments a number of tubes containing hydrogen were sealed with 
two platinum electrodes apiece. The electrodes were variously exposed 
in these tubes. Some were immersed in 0.1 N hydrochloric acid, some in 
pure water, some in water which had never been in contact with glass. 
The tube in this latter case had been coated with paraffin and the water 
had been distilled through a tin condenser directly into the tube. Some 
electrodes were kept entirely out of the solution, being suspended above 
it in the hydrogen atmosphere. In all these cases the rate of decay of 
the catalysts was the same, within the limits of experimental error. These 
limits, it must be admitted, are somewhat wider than those prevailing in 
other sections of the work, since measurements can only be obtained on 
the catalysts by transferring them to a cell, a process which causes them 
to be reactivated to some extent by the air. 

Either of the other explanations implies that the decay in activity which 
takes place at  elevated temperatures under any conditionss is related to 
that which we observe a t  room temperature. This suggests that there 
should be a difference in the rate of this so-called sintering a t  elevated 
temperatures according to the environment, that hydrogen should have 
a catalytic effect upon the sintering. Such an effect is shown by the ex- 
periments described in Table 11. In these, eight platinum catalysts pre- 
pared so as to be as nearly identical in properties as possible were heated 
in a Pyrex tube under various conditions, and were then transferred to the 
cell of Fig. 1. After a lapse of three days in hydrogen in the cell to allow 
the effects of the temporary activation by the air during the transfer to 
wear off, the activities were determined. Similar experiments a t  other 
temperatures confirm the conclusion that hydrogen does indeed accelerate 
the decay in activity over a wide range of temperatures. 

Vavon, Compt. rend., 158, 409 (1914); Wright and Smith, J. Chm.  Soc., 119, 
1683 (1921) ; Smith, ibid., 123, 2088 (1923) ; Taylor, Proc. Roy. Soc., (London) A108, 
106 (1925); Constable, J. Chcm. Soc., 1578, 2995 (1927); Bowden and Connor, Proc. 
Roy. SOC., (London) A128, 317 (1930). 



Effect of Thickness of Deposit and of Rate of Plating.-Figure 4 
shows the life curves of five iridium catalysts of different thickness. These 

Exposure to hydrogen, days. 
Fig. 4. 

were plated for varying times a t  the same current density (0.27 ma./sq. 
cm.) from the same solution of chloroiridous acid in the order of the num- 

Exposure to hydrogen, days. 
Fig. 5. 

bers attached to the curves. The average thickness of the deposit calcu- 
lated on the basis of 100% current efficiency is given in the figure. Figure 5 
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contains the results of similar experiments with platinum catalysts ob- 
tained from a solution of chloroplatinous acid a t  a current density of 0.141 
ma./sq. cm. Similar results have been obtained in other experiments, 
and we conclude that for electrodeposited platinum and iridium catalysts 
of equal gross area the catalytic life is greater the thicker the deposit. 

The decay curve for an ordinary platinum foil activated by anodic 
oxygen evolution for five minutes is included in Fig. 5, and shows a very 
rapid decay rate. This is further confirmation because such an activation 
should produce only a very thin active layer. 

In  Table I11 are given the results of an experiment designed to test 
the effect of rate of deposition upon the properties of iridium catalysts. 
The catalysts were all prepared from the same 3% chloroiridous acid solu- 
tion in the order of the numbers, and i t  was attempted to make them 
all of the same thickness by varying the rate of deposition in inverse pro- 
portion to the time of plating. The first three were plated at  the same 
rate and the agreement of properties between 2 and 3 shows that the bath 
had reached a steady condition. The thickness calculated on the basis of 
constant 100% current efliciency is given and, as a check, the value calcu- 
lated from the time required to just conceal the color of the gold base. 
The agreement is excellent except in the case of the two electrodes plated 
a t  the highest current densities, and we have discarded the results on these. 
The accepted results are plotted in Fig. 6, from which it is clear that the 
best iridium catalysts are those plated a t  the lowest rate. 

Figure 6 also contains the life curve of a catalyst prepared from an irid- 
ium tetrachloride solution, and estimated from the time required to 
conceal the gold base to be somewhat less in thickness than the other 
catalysts included in the figure. Because of the low current efficiency 
prevailing in such solutions, this required a current of 0.26 ma./sq. cm. 
for five and one quarter hours. The characteristically long life may be 
due to a specific effect of the oxidized iridium as a source of the deposit 
or possibly to the very slow rate of deposition. 

With platinum the difference in properties arising from variation in 
rate of deposition is certainly smaller than with iridium, and it is difficult 
to be certain whether any such effect exists, especially in view of the 
poorer reproducibility of platinum catalysts. 

Both the effect of thickness of deposit and the effect of rate of deposi- 
tion are not obvious conclusions from usual theories of contact catalysis. 
All of the catalysts for which we have here given results appeared per- 
fectly smooth and lustrous to the naked eye or under magnification of 750 
diameters. Nevertheless the quantity of metal required to conceal the 
color of the gold base corresponds to a thickness of from 1 to 2.5 X lop6 
cm. or about 40 to 100 atomic layers. This suggests that crystal growth 
starts from centers scattered over the surface of the gold and proceeds 
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laterally as well as upward until adjacent crystals touch. The surface 
of the deposit might then be expected to have a saw-tooth cross section 
with a tooth height of some 80 to 200 atom diameters. Since, however, 
a& increase in thickness beyond that required to obscure the base results 
in increased catalytic life, it  must be supposed that fissures or pores much 
deeper than the average depth of the saw-teeth exist, and have a very 
marked effect upon catalytic properties. 

-2 

d .* 
f 
0 
-4 k -3 
3 
d 
M 

S 

-4 

Exposure to hydrogen, days. 
Fig. 6. 

All of the curves show an initial rapid decay whose rate is very nearly 
the same in all cases. This initial decay is therefore independent of the 
thickness of the deposit and is to be attributed to the loss in activity of 
that part of the catalyst in which all these catalysts are identical, the ordi- 
nary or external surface. It is only after this, which furnishes most of 
the initial activity, has decayed that the properties of that part of the 
catalyst which depend upon thickness become significant. Furthermore, 
the digerences in slope of the later parts of the curves in Figs. 4 and 5 
indicate that thicker deposits lead to inner surfaces (of the fissures or pores) 
whose specific rate of decay is smaller, whereas the parallelism (on the semi- 
logarithmic plot) of the later part of the curves in Fig. 6 suggests that  
differences in rate of deposition result in differences in activity of the inner 
surface but not in the fractional loss of activity in unit time. 

In other words, the external surface, which is the most exposed to hy- 
drogen, decays most rapidly, and of the inner surfaces, those present in 



the thicker deposits, and therefore least accessible to the hydrogen, de- 
cay at the lowest rate. This experimental conclusion may also be de- 
rived as a corollary from Tanner's recent theory of contact cataly~is,~ 
according to which activation depends upon the existence of local excesses 
in temperature a t  the active points. It follows that contact with and 
consequent activation of the reactant should tend to produce decay of 
the catalyst and that those areas which are most exposed to hydrogen 
and on which the reversible reaction 

2H+ + 2e ,--5 H? 
or 2H ,t EIz 

proceeds a t  thc greatest rate should be those on which loss of activity is 
most rapid. 

Summary 

Methods have been perfected for the preparation by electrodeposition 
of platinum and iridium catalysts of reproducible properties for the ac- 
tivation of hydrogen. 

The loss in activity which such catalysts undergo in the presence of 
hydrogen a t  room temperature has been shown to be dependent upon 
the hydrogen itself and not upon pc;sons, and to be closely related to the 
so-called sintering which takes place a t  higher temperatures. 

The dependence of decay upon thickness of deposit and upon rate of 
deposition has been investigated, and the conclusion reached that these 
apparently smooth solid deposits have an inner surface of great importance 
for their catalytic behavior. 

Indications have been found that i t  is the actual activation of hydro- 
gen which is responsible for the decay, and the relation of this conclusion to 
Tanner's theory of contact catalysis has been pointed out. 

NEW YORK CITY RECEIVED JULY 9, 1932 
PUBLISHED JANUARY 11.1933 

9 Tanner, THIS JOURNAL, 54, 2171 (1932). 
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[CONTRIBUTION FROM THE FRICK CHEMICAL LABORATORY OF PRINCETON UNIVERSITY 1 

The Photo-oxidation of Gaseous Hydrogen Iodide 
BY JOHN R. BATES AND GEORGE I. LAVIN 

In studies1 of the reaction of hydrogen atoms with oxygen molecules it 
has been assumed that the first process consists of an associative reaction 
between these atoms and oxygen molecules. 

H + 0, --+ H02 (1) 

The molecule H02 then reacts with a hydrogen molecule if a subsequent 
collision with hydrogen occurs within the lifetime of 8 0 2  and has sufficient 
energy. 

The straight bimolecular process 
H + 02 --+ OH + 0 - 13.5 cal. (la) 

has been ruled out as improbable, due to the high activation energy neces- 
sary. If we accept the values for the heat of formation2 of OH and Oz of 
1Q4 cal. and 117.5 cal., respectively, the reaction is endothermic 13.5 cal. 
Only one collision in at  least 5 X 101° would be effective a t  0'. However, 
the value of 104 cal. for OH is not as definite as might be desired, and it is 
well to note that this mechanism does not agree with the experimental 
evidence obtained from quant~tm yield studies of the reaction. 

The value of the quantum yield of hydrogen peroxide formation in the 
sensitized reaction is of the order of 1.2-2.5 as given by the work of Marshall3 

and of Frankenburger and Klir~khardt.~ Reaction (la) would give rise to a 
maximum of but one hydrogen peroxide molecule per quantum, since 
oxygen atoms are known5 not to react with hydrogen molecules. 

For a considerable time it was assumed that the quasi molecules such as 
HOz could only exist for about 10-l3 to 10-l4 seconds. More recently i t  
has been suggested by Kasse16 and demonstrated experimentally by Pease7 

in the hydrogenation of ethylene that these molecules may have greater 
lifetimes, especially in cases where the molecule is polyatomic. It seemed, 
therefore, desirable to see ii it was not possible to learn something con- 
cerning the lifetime of HOz in the reaction of hydrogen atoms with oxygen. 

Since hydrogen iodide is known to decompose into atomss on the absorp- 
tion of a quantum of light it appeared feasible to study the oxidation of 
hydrogen atoms by the method used in the case of methyl groups

g 
and to 

(1) Bonhoeffer and Haber, Z. physik. Chem., 137A, 363 (1928); Frankenburger and Klinkhardt, 
Trans. Faradoy SOC., '27,431 (1931). 

(2) Haber and Bonhoeffer, 2. physik. Chem., 127, 264 (1928); Bonhoeffer and Reichert, i b i d ,  
1'29A. 76 (1928); Herzberg. ibid. ,  10B, 189 (1930). 

(3) Marshall, J. Phys. Cham , 30,1078 (1926); T a r s  JOURNAL, 64, 4460 (1932). 
(4) Frankenburger and Klinkhardt, Trans. Faraday Soc., '27,431 (1931). 
(5) Kistiakowsky, THIS JOURNAL, 62,1868 (1930). 
(6) Kassel, ibid., 63, 2143 (1931). 
(7) Pease, ibid., 64, 1876 (1932). 
(8) Ronhoeffer and Farkas, Z. physik. Chem., 132, 235 (1928). 
(9) Bates and Spence, T H I S  JOURNAL, 63, 1689 (1931). 



obtain from the kinetics of the hydrogen iodide photo-oxidation valuable 
data concerning the reaction of hydrogen atoms and oxygen molecules. 

Experimental 
The apparatus was similar to that of Bates and Spence.* The same 

mercury arc and reaction vessel was used, but since hydrogen iodide is 
corrosive a quartz spiral manometer was substituted for the mercury 
manometer. Very satisfactory yields of hydrogen iodidelo were obtained 
by passing hydrogen over iodine and then over a platinum catalyst. The 
hydrogen iodide was distilled in vacuo, and a pure white product, free from 
iodine, was obtained. The final product was distilled into a tube which 
was immersed in liquid air. Oxygen was taken from a tank, dried and 
stored in a large glass bulb. Since, according to Bodenstein and verified 
by the present work, hydrogen iodide does not appreciably attack pure 
vaseline, this was used to lubricate the stopcocks shutting the reaction 
vessel from the rest of the system, 

The quartz reaction vessel was kept a t  a temperature of 0'. The vessgl 
was connected to the rest of the apparatus by a ground joint so that it 
could be removed and the reaction products studied. 

Experimental Results 
A series of runs showed that with oxygen present the pressure decrease 

was greater than could be obtained by the decomposition of hydrogen 
iodide alone. In the straight decomposition process a decrease equal to 
half the original hydrogen iodide present is to be expected: 

2HI + Hz f I t  

In Table I it can be seen that with oxygen present the pressure decrease 
observed (- e b S . )  is considerably greater than - A P  obtained by 
dividing the original hydrogen iodide pressure by two. 

Reaction Products 
Iodine.-By titrating with N/10 thiosulfate it was possible to show 

that practically all of the iodine originally present in the hydrogen iodide 
could be recovered as free iodine. The titrations of iodine are given by 
- AH1 in Table 11. 

Hydrogen Peroxide.-Since all of the mechanisms postulated for the 
reaction of hydrogen atoms with oxygen involve the formation of hydrogen 
peroxide efforts were made to identify it in the products. A liquid product, 
which could be seen in the reaction vessel after a run, was washed out in 
water and the excess iodine removed with silver nitrate. Such a liquid 
gave very slight tests for peroxide. A blank run on iodine dissolved 
in water gave no such test. It is not surprising that hydrogen peroxide 
should not appear in large quantities, since Abelll has shown that liquid 

(10) Bodenstein, 2. physik. Chem., 29, 296 (1899). 
(11) Abel, ibid., 136, 161 (1928). 



No. 

B 1 
B2 

Initial pressure 
HI OY 

50.4 150 1 

HI, mm. 

53.0 
50.2 
50.2 
49.9 

Rnal r&ed 
total final 

press. press. -AH1 

TABLE I 
02, mm. - AP(obe.) 

300 35.5 
493 39.7 
302 38.3 
255 34.6 

Final 
HI 

(HIE) 

3.9 
3.7 
1.7 
3.0 

2.2 
3.4 

19.6 
19.0 
23.0 

Mm. Hi 
Final 

13.2 
13.5 
13.1 

6.3, 6.5 

Mm. Hz K K ~ / K I  
-AP G.A G. A. 

33.9 26.0 .084 
27.6 40.0 .I30 
27.1 17.5 .065 

Av. 0.095 

40.0 .I34 
25.0 .073 
25.0 .093 

Av. 0.085 



84 JOHN R. BATES AND GEORGE I. LAVIN Vol 55 

hydrogen peroxide is decomposed in the presence of hydrogen iodide, 
yielding water and oxygen. The hydrogen iodide acting as a catalyst is not 
removed by the reaction. Knowing little of the conditions in the liquid 
phase in our reaction system, we were forced to the assumption that those 
processes occurring in the liquid phase were without effect upon the gas 
reactions, an assumption which is perhaps approximate, but which is borne 
out by the results. 

Hydrogen.-Since both decomposition and oxidation were taking 
place simultaneously, it became necessary to determine the hydrogen 
formed during the course of the reaction. Accordingly gas analyses were 
carried out upon the gaseous products resulting from various initial con- 
centrations of reactants. In most cases the hydrogen to oxygen ratio was 
determined by explosion and by absorption of oxygen by pyrogallol. 
These data are shown in Table 11. Also recorded in the same table are the 
initial concentrations, the final total pressure and the final pressure of 
hydrogen calculated from the final total pressure and the gas analyses. 

Influence of Oxygen on the Reaction Rate.-The variations of rate of 
decrease in pressure with varying oxygen pressures were studied, keeping 
the hydrogen iodide pressure constant. These results are represented in 
Table 111, column 2. 

TABLE I11 
Kz/Ki  = 0.097 

Obs. Calcd. 
Rate Rate corrected corrected 

POz No. A observed calcd. rates rates 

Discussion of Results 

If we assume that the reaction of hydrogen atoms with oxygen takes 
place through the formation of the molecule HOz, as seems most probable, 
we may write the steps of the reaction as follows 

At stationary concentrations 

d [HOz I ,  or d [ H l  and d[HOzl d [ H l  - - - 
dt dt dt dt 

[H02]K4  + A = [HI [HI IKI + IH 1 1K2, and 
[Hl[Oz]K2 = [H02I[HIlKa + [H021K4 
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Equations I and I1 can be solved simultaneously to give the stationary 
concentrations of HOz and H in terms of [HI], [Oz], A ,  K1, Kz, Kg and K4. 

The rate a t  which hydrogen is produced according to (2) is 

mhile the total rate of hydrogen iodide decomposition may be represented 

Dividing I11 by IV we obtain 
d [Ha I - -- = [HI [HI IKi 
d[HIl [HI [HI IK, + [H02 1 [HI IKJ 

Substituting the values of [HI and [HOz] obtained from I and I1 we obtain 

[HY] = - 1/2 
" I E  ( [HI ]K&I + KzK4)d [HI] Lln IHIIK~KI + [O~IK~KI + 4K4 

(VJ) 

where HIo and HIE are the initial and final pressures of hydrogen iodide. 
If [Oz] = 0, we arrive a t  the expression 

[H2] = 1/2 
HI decomposed 

d [HI], or LH,] = 2 0'11) 

which is true for straight photochemical decomposition. The same ex- 
pression is deduced if K4> >K1, Kz and Ka, which would indicate that, 
if K4 is very much greater than the other constants, no oxidation of the 
hydrogen atoms will occur. 

If, on the other hand, we can neglect K4 in comparison with the other 
constants we obtain 

IK' d [HI 1 d[H21 = gI [HT]Kl + !Q]Kz 

Integrating, and taking the limits 

(VIII) 

where K = (K2/K1) [02]. 
It appears immediately that Kk is not sufficiently greater than the other 

constants to make VII hold. If this were true, we should expect no influ- 
ence of oxygen on the decomposition of hydrogen iodide, and hydrogen and 
iodine would be the sole products, which is definitely disproved by the data 
of Table 11. 

Equation VI cannot be used in its present form to express the results 
because of the large number of undetermined constants it contains. It 
seemed, therefore, most convenient first to attempt to fit the experimental 
results to IX and then to observe any deviations which might occur in the 
constancy of KZ/KI, which would indicate the relative magnitude of Kq and 
the other constants. HIo is the initial pressure of hydrogen iodide, while 



HIo - HIE is given by the iodine titration. whence values for both of these 
can be obtained. [Hz] can be obtained in two ways, The analysis of the 
hydrogen and oxygen resulting from the reaction, together with the final 
total pressures of these gases, gives [Hz] directly. If we assume that the 
oxidation product of the reaction is water it is possible to obtain the amount 
of hydrogen present after reaction from the total decrease in pressure and 
the iodine titration. If y is the fraction of the hydrogen iodide reacting to 
give water, 1 - y produces hydrogen. If, then, we write the two over-all 
reactions: 

2HI -+ Ha + Is, and 
4HI + Oa -+ 2H20 + 1% 

it can readily be seen that the following equation holds 

where 4.6 mm. is the vapor pressure of water a t  0'. After solving this for 
y, [Hz] is obtained from the expression 

2 
H' = (1 - y)(HIo - H I E )  

The values far HZ obtained from these two sources are found in Table 11, 
columns 7 and 8, labeled Hz G.A. and HzW, respectively. Fairly good 
agreement is obtained between the two values in any one experiment, 
indicating that water is the final product of the oxidation reaction. 

We now have all the values necessary for a determination of K and 
K~/KI  from equation IX. This equation is easiest solved by a method of 
trial and error. We put 1/K = Y = l/(HIo - HIE - 2Hz)ln(K + HIo)/ 
(K + HI,), and then plot the hyperbola Y = 1/K, which is independent of 
the various experimental values. The point at  which Y = l/(HIo - 
HIE - 2Hz)ln(K + HIo)/(K + HIE) intersects the hyperbola is the 
desired solution of K. The values of K are given in Table 11. From 
these, and the initial oxygen concentrations, K2/K1 are obtained and given 
in columns 12 and 14. These values agree among themselves within the 
limits of these experiments and indicate that we are justified in neglecting 
K4 and using equation X to express our results. 

It can be seen that the rate of the reaction, that is, -dP/dt, will be 
given by 

dP dHz dHzOz - - = - + 2 . 5 -  
dt  dt  dt  (XI 

Eliminating [HI and [HOz] and substituting we have 
dP A([HIl f 2.5[021Kz/K1) - - =  
dt [HI  1 + [Oz 1 K Z / K I  (XI) 

The value of A is found by placing [02] = 0 and is the rate of decom- 
position of hydrogen iodide. It is to be pointed out that since it was 
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impossible to maintain a constant (from day to day) light intensity it was 
always necessary to make parallel experiments with hydrogen iodide alone 
and then with oxygen. In this way the variation of the light source was 
minimized and the necessary modification of A obtained. 

We are now in a position, having evaluated K~/KI, to calculate -dP/dt 
assuming K4 to be small, and to compare the value so obtained to the 
experimental vaPte. In Tzbk 111 the values of A are obtained from the 
corresponding runs with hydrogen iodide alone; in column 4 the ratio, 
calculated from equation XI, and using the A values given in column 2. 
In the last two columns these values are corrected to an A value of 0.76, 
thus showing the rise in absolute rate as the oxygen increased. The 
corrected experimental values agree with the calculated within 20% and 
are a further proof that our mechanism is correct. 

It becomes of great interest to see what restrictions neglecting Kd in 
equation VII places upon the magnitude of this quantity. Suppose HI, 
Kt and Ka are bimolecular constants expressed in millimeters pressure of 
mercury reacting per second per millimeter pressure of reactants. One 
atom at one millimeter pressure makes -lo7 collisions per second, so that 
the total number of bimolecular collisions at 1 mm. pressure of reactants is 
equal to -lo7 X 1016 = -1O23 per cc./sec. at  1 mm. pressure of the gases. 
Thus our constants K1, K2, K3 are 21028/1016 = lo7 mm./sec. per mm. 
of reactants. Their true value will be smaller than this figure by a factor 
giving the efficiency of collisions, which will depend upon activation energy, 
and steric factors. They cannot, which is of importance for our considera- 
tions, exceed this order of magnitude. 

If, using Kl = Kz = K3 = 107, we substitute a value of K4 = loz3, 
which gives an accepted value for the life of a quasi-molecule equal to 10-l3 
sec., and also substitute for [HI] 50 mm. and [Oz], 200 mm., we find that 
the amount of oxidation would be of the order of 2 parts in 100,000. The 
value of -d [H2]/d [HI] would differ from 0.5 by only 0.02%, indicating 
that hydrogen would be the sole detectable product. This shows us 
immediately that such a value for K4 is much too high, since a t  these 
concentrations we observe considerable oxidation (Table I). 

Before going further it would perhaps be well if we could arrive a t  more 
carefully estimated values for our k's. BonhoeiTer and Farkass have 
observed that the relative efficiencies of the reaction of hydrogen atoms 
with hydrogen iodide and iodine are in the ratio 1:100. This means that 
KI must be less than lo5. Our results show that K2, on this basis, would be 
-lo4. These values in the expression ([HIIKIKI + K1K4)/([HI]K,K3 + 
[Oz]KdX2 + K1K4) give the values shown in Table IV, using [02] = 200 
throughout and the values of K3[HI] and K4 indicated. The fraction 
under K4 = 0 are those which agree with our experiments, and deviations 
from these values for various Kq values can be read from the table. 



TABLE IV 
O2 = 200 mm. 

K4 = 0 lo7 1 O8 1 O0 10'" 
KZ = lo7 HI = 50 0.715 0 .72  0.75 0.884 0.981 

HI = 10 .333 .354 .500 .925 ,990 
Ka = lo0 HI = 50 .715 .75 .884 .981 

HI = 10 .333 .500 .925 .990 

It can easily be seen that in the most unfavorable circumstances, shown 
by the top row that Kq is certainly 5 lo9. There the deviation from 
experiment is (0.884 - 0.715)/0.715 = 23.6%. In addition, since our 
results represent an integration over pressures of hydrogen iodide from 50 
to -3 mm., we can safely say that the value of K4 is probably lo8. 

The usually accepted values for the lifetime of such a quasi-molecule are 
of the order of 10-l3 to 10-l4 seconds, which give rise to a decomposition 
reaction constant of loL3 to 1014. These values are, then, lo4 to lo6 greater 
than we find in our experiments, and indicate, as suggested by Kassel, that 
the lifetimes involved in polyatomic quasi molecules are considerably 
greater than usually accepted. This is of great interest in all cases in which 
a so-called three-body process is involved, since, when the lifetime in- 
creases above a definite value, the reaction loses its three-body character- 
istics and becomes essentially a straight bimolecular reaction. It also 
should be recognized that the reverse process of unimolecular decomposi- 
tion involves considerations which may be affected by this longer lifetime. 

It is of interest to discover the significance of these high values of the 
lifetime of HOz in the light of Kassel's considerations. This molecule has a 
heat of formation from a hydrogen atom and an oxygen molecule of 69 large 
calories if we take half of the energy of formation of hydrogen peroxide: 

2H + 0 2  -+ HzOs + 138 Cal 

Further, having three atoms, its "s" value is three. Using these data we 
find that for Kq = lo9, n, the number of vibration levels, must be -50. 
For Ka = lo8, n-100. These give us average vibrational quanta of 500 
cm.-l and 250 cm.-l, respectively, provided 0.1 of the energy continuum 
is to be filled. A priori, these are not at  all impossible values. It must be 
remembered that these are only average values. The most fully worked 
out example of the relation of such an average value to the fundamental 
frequency of a molecule is given by the upper electronic level involved in 
the visible iodine absorption bands. Here 59 vibration levels are known 
within an energy interval of 4400 cm.-',I2 giving a maximum average 
separation of 75 cm.-l. The fundamental frequency of this state is 127.5 
cm.-l. Remembering that the value 75 cm.-I is obtained by using only 
the number of measured levels, which is smaller than the actual number, 

(12) Ruark and Urey, "Atoms, Molecules and Quanta," The McGraw-Hill Book Co., New York, 
1930, pp. 395,400, 402. The value 4400 is ohtained by scrbtracting the energy of the electronic jump 
from that of the convergence limit. 
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ve can readily see that the average separation is considerably smaller than 
he fundamental frequency. An examination of band spectra data will 
eveal that this must be fairly universal. In attempting to compare the 
ralues of 500 and 250 em.-l with those of the HOs molecule, the nearest 
~ossible approach are the fundamental frequencies of hydrogen peroxide,13 
175 and 903 cm.-l. These are not incompatible with the 500 cm.-laverage 
d u e ,  but perhaps high for the 350 cm.-I average. 

A consideration of the possibility of the reaction 
H i - 0 2 - - + O H + O  (a) 

xcurring in the light of these data yields an interesting fact which makes 
this process seem unlikely. As we have said, the ratio of the Kb and h', 
in the reactions 

H + I P + H I + I  Kb (b) 
H + HI -+ Hz + I Kc  (4 

is 100, Kb/K, = 100. Now reaction (b) is supposed to involve little or no 
activation energy.14 Hence, reaction (a) would take place in about 1 in 
every 1000 collisions, which indicates an activation energy of 3.8 cal. If 
this were true, the heats of formation of 0 2  and OH could not differ by 
more than this amount, while the difference in the accepted values is 13.5 
cal., a discrepancy of 10 large calories. 

Since this mechanism seems an unlikely one according to the accepted 
values for the heats of linkage involved, we are led to the formation of the 
HOz complex as the only plausible explanation of the reaction. In addition 
to other evidence already discussed earlier in this work, the formation of 
high percentages (90%) of hydrogen peroxide in the mercury sensitized 
hydrogen-oxygen reaction also points to the HOz intermediate. This 
reaction has been the subject of intensive work in this Laboratory which 
will be presented shortly in THIS JOURNAL. The long life ascribed by us to  
the HOo molecule is naturally contingent upon its intermediate formation 
being the correct mechanism for the reaction studied. 

The authors wish to thank Professor Hugh S. Taylor for his many 
constructive criticisms. 

Summary 

1. The kinetics of the photo-oxidation of gaseous hydrogen iodide 
have been studied. 

2. The result of the application of simple reaction kinetic theory to the 
experimental results leads to the conclusion that the quasi molecule HO2 
can have a life of to 1 OP9 seconds, which is many orders of magnitude 
larger than that usually ascribed to such complexes. 
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(13) Kohlrausch, "Der Smekal-Raman Effect," Table XXII. 
(14) Byring, THIS JOURNAL, 63, 2537 (1931). 



A Potentiometric Titration Method for Fluorine 
BY NELSON ALLEN' AND N. HOWELL FURMAN 

Introduction 
A potentiometric titration of fluorine requires an indicator electrode f o ~  

fluoride ions or for the substance that is reacting with the fluoride. Sincc 
no electrodes are available for the fluoride ion an electrode must be selected 
which changes its potential with the concentration, or activity, of the ions 
of the reagent. The fluoride may be precipitated or caused to form a 
complex ion such as FeFaE or AIFs". Treadwell and Kohl2 were the first 
to propose a potentiometric method for fluorine, their procedure being 
based on the formation of FeF6", a volumetric method which had been 
previously investigated by Greeff3 using potassium thiocyanate as a color 
indicator. Later these two authors made use of aluminum chloride for the 
t i t r a t i ~ n , ~  the aluminum ions decomposing the iron cryolite complex, and 
Treadwell and Bernasconi applied the method to the determination of 
aluminum and magnesium in the presence of each other.6 In  the papers 
of Treadwell and Kohl the conductimetric titration of pure fluoride solu- 
tions with aluminum ions was reported. 

The insoluble fluorides are few in number and the precipitation titrations 
are limited to the formation of the fluorides of the alkaline earths, 
thorium and the rare earths. Most of the volumetric methods are based 
on ,the precipitation of calcium fluoride, although one useful and interesting 
method involves the titration of chloride secured from lead chlor~fluoride.~ 
~dtentiometric methods depending purely on the precipitation of an 
insoluble fluoride are still further limited because of the lack of pitable 
indicator electrodes, and thus far no such methods have been advanced. 

Kurtenacker and Jurenka7 titrated fluoride with cerous nitrate using 
methyl red as an indicator and their work indicates that cerous fluoride is 
quite insoluble and very stable. Batchelder and V. Meloche8 did further 
work on the titration using methyl red and their work corroborates the 
statement anent the insolubility of cerous fluoride. The stability of the 
precipitate is shown by the results secured by Batchelder and V. Meloche 
using their indirect method for fluorine in which an excess of cerous nitrate 
is added and the excess determined by potassium permanganate using the 
method of Lenher and C. Melo~he.~ Thus precipitation of fluoride as 

(1) J. T. Baker Chemical Company Fellow in Analytical Chemistry. 
(2) Treadwell and Kohl, Helv. Chim. Acta, 8, 600 (1925). 
(3) Greeff, Ber., 46, 2511 (1913). 
(4) Treadwell and KBhl. Helv. Chim. Acta, 9 ,  470 (1926). 
(5) Treadwell and Bernasconi, ibid., 13, 500 (1930). 
(6) Hawley, Ind.  Eng. Chem., 18, 573 (1926). 
(7) Kurtenacker and Jurenka, Z. anal. Chem., 82, 210 (1930). 
(8) Batchelder and V. Meloche, Tars JOURNAL, 53,2131 (1931); 64,1319 (1932). 
(9) Lenher and C.  Meloche, ibid., 88,66 (1916). 
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cerous fluoride seems particularly suited for a potentiometric method pro- 
vided some electrode can be obtained to serve as an indicator for cerous ions. 

Development and Theory of Method.-Unfortunately a cerous-ceric 
combination cannot be used as an indicator since ceric fluoride is only 
slightly soluble also, but still more soluble than the cerous salt. A suitable 
electrode for cerous cerium has been found in an application of the ferri- 
ferrocyanide e1ectrode.m 

Cerous cerium has been determined by oxidation with potassium ferri- 
cyanide by TomiEek,ll by precipitation as Ced[Fe(CN)6]8 by Treadwell 
and Chervet12 and by precipitation as CeKFe(CN)G by Atanasiu.la Atana- 
siu performed the titration at 6 5 O  in a solution containing 30% ethyl 
alcohol. A repetition of this work checked his results and i t  was found 
possible to determine fluoride indirectly by adding an excess of cerous 
nitrate and determining the excess potentiometrically with potassium 
ferrocyanide. However, a direct method was desired and the insoluble 
CeKFe(CN)6 was used to furnish an indicator electrode for cerous ions in 
the following manner. Kolthoff14 employed a mixture of potassium 
ferricyanide and lead ferrocyanide in contact with a platinum electrode as 
an indicator for lead ions in the potentiometric titration of sulfate with lead 
nitrate. We have found that a f erricyanide-cerous potassium ferro- 
cyanide mixture acts as a good indicator for cerous ions. The potential of 
a ferri-ferrocyanide mixture in contact with platinum at 2 5 O  is represented 
hv 

E = eo + 0.0591 log [Fe(cN)~'l 
[Fe(CN)am-I 

If the ferrocyanide ions are furnished only by a saturated solution of cerous 
potassium ferrocyanide, then for the saturated solution 

[Ce+++]. [K+]. [Fe(CN)em'] = Solubility product of CeKFe(CN)a 
and 

The potential of the electrode becomes 

E = eo + 0.0591 log - 
[Fe(CN)eR] . [Ce+++]. [K +] 

k 

and if [ l?e(cN)~] and [K+] are constant, dilution of the solution during 
titration being disregarded 

E = eo' + 0.0591 log [Ce+++] 

The electrode potential is thus shown to be directly proportional to the 
logarithm of the molar concentration of the cerous ion. Actually such a 

(10) An extended treatment of the ferri-ferrocyanide electrode is given by Kolthoff and Furman 
"Potentiometric Titrations," second ed., John Wiley and Sons, New York, 1931, pp. 64-69 and 318-34. 

(11) Tomirek, Rcc. Lrav. chim., 44,410 (1925). 
(12) Treadwell and Chervet, Hele. Chim Acta. 6,550 (1923). 
(13) Atanasiu, J .  chim. ghys., 23, 501 (1926); Camp;. rend., 182, 519 (1926). 
(14) Kolthoff and Furman, Ref. 10, pp. 66 and 331. 



simple relation does not apply due to the dependence of the potential of the 
ferri-ferrocyanide electrode upon the salt concentration of the solution. 
For large quantities of fluoride or in the presence of large amounts of 
foreign salts no breaks in potential were obtained at  the equivalence point. 

Experimental 
Apparatus and Materials.-The indicator electrode was a spiral of bright platinum 

wire and the reference electrode was a saturated calomel cell of the type recommended 
by Miiller and by Kolthoff and F u r m a n . l V h i s  cell was connected by a long salt bridge 
of saturated potassium nitrate with the solution to be titrated, a long bridge being 
necessary because all titrations were performed a t  70". The potentiometer was a Leeds 
and Northrup Potentiometric Unit, No. 4908. Titrations were made in open beakers 
using motor stirring and holding the temperature to  within l o  of 70" with a small 
Bunsen flame. 

Standard solutions of sodium fluoride of normalities 0.1000, 0.0100 and 0.0050 were 
prepared by the method used by Hawley16 and by Allen and Furman.l7 Various 
amounts were measured out from calibrated pipets. 

The cerous nitrate used was a c. P. product which was recrystallized once from water. 
The cerium content of the solution prepared was determined by oxidizing measured por- 
tions to  the ceric state with ammonium persulfate using silver nitrate as a catalyst18 
and titrating back with ferrous sulfate which had been checked against standard potas- 
sium permanganate. Other analyses were made by evaporating down definite volumes 
of the solution and igniting the residue to constant weight; the cerium content of the 
ignited residue was then determined as above. Such analyses gave an average of 97.82% 
ceric oxide in the residue. The original cerous nitrate contained as impurities nitrates 
of the other rare earths but as Batchelder and Melochelg have pointed out such impuri- 
ties may be disregarded and the normality of the solution calculated from the weight of 
the ignited residue, assuming it  to  be pure ceric oxide. I n  the present case this method * 
was used since the other rare earth nitrates would change the normality of the solution 
to  fluorine only by about 0.1%. 

The potassium ferricyanide was used as an  approximately 0.1 molar solution of a 
c. P. salt free from ferrocyanide. The cerous potassium ferrocyanide was precipitated 
by mixing equivalent volumes of cerous nitrate and potassium ferrocyanide and the 
precipitate was washed repeatedly with distilled water by decantation. This substance 
was used as a suspension in water. I t  is possible that the precipitate contained some 
Ced[Fe(CN)a]r, but this would not affect the results in any way. 

Outline of the Method.-Some preliminary work had shown that cerous fluoride 
was precipitated in a gelatinous state and that i t  adsorbed excess cerous ions to a high 
degree; no gravimetric determination of fluorine as cerous fluoride could be made. 
This finding checks the results of Batchelder and M e l ~ c h e . ~  On the other hand, a t  70' 
and in a solution containing 50% ethyl alcohol by volume good results were secured by 
the potentiometric titration method. Other temperatures were tried but 70° gave the 
best results. This is about the same temperature that Atanasiu13 used in his work. I n  
accordance with the experience of Kolthoff with the sulfate titration, steady potentials 
were obtained only with 50% alcohol, other concentrations gave erratic readings. The 
procedure for the titrations recorded in Table I follows. The volumes of sodium fluoride 

(15) Ref. 10, pp. 79-81. 
(16) Hawley, I n d  Eng. Chem , 18, 573 (1926) 
(17) Allen and Furman, Tnrs JOURNAL, 64, 4625 (1932). 
(18) Willard and Young, {bid., 60 ,1370 (1928). 
(19) Ref. 8, p. 2132. 
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used were measured out by pipets and diluted with water and ethyl alcohol so that 
the final volume contained 50% alcohol. The total volume of the solution titrated was 
70-80 ml. for Titrations 1-22,50 ml, 
for 23-34 and 25-30 ml. for 3544.  
Three to five drops of 0.1 M potas- 
sium ferricyanide (about 0.25 ml.) 310 
and about 10 mg. of the cerous 
potassium ferrocyanide suspension 290 
were then added. The exact amount 
of the ferrocyanide used may vary 
somewhat but it should be cut down 
for the smaller quantities of fluorine. 2 
The amount of ferricyanide must .g 250 
be kept fairly constant a t  the value 5 
given. T h e  solut ion was then  230 
heated to 70' and the titration per- .- 
formed a t  that temperature, not " 
deviating more than one degree. 210 
With a 50-ml. buret, volume incre- W' 
ments of 0.05 xnl. were used near 
the equivalence point and with the 
micro-buret the increment was 0.02 
ml. The equivalence point was lo- 170 
cated by computing the difference 
quotients in the usual manner. With 
volume increments of 0.05 ml. the 
break in potential a t  the equivalence 130 
point ranged from about 20 milli- 0 0.20 0.40 0.60 
volts for the larger amounts of Vol. of 0.0216 N Ce(N03)3 in ml. 

to about mv' for the Fig. 1.-Titration of 0.19 mg. of fluorine with 
smaller quantities. Volume incre- 0.0216 N cerous nitrate. 
ments of 0.02 ml. used in the case of 
the micro-buret gave breaks of 30-40 millivolts. The potential curve for Titration 
No. 40 is given in Fig. 1, and is typical of the course of the potential during every titration. 

TABLE I 
TITRATION OF FLUORIDE WITH CEROUS NITRATE SOLUTION 

A. Using 50-ml. buret 

NaF, 
Nos. mL 

1 - 6  24.98 
7-11 9.96 

12-17 4.99 
18-22 2.02 
23-28 9.96 

F pres., 
mg. 

47.46 
18.92 
9.48 
3 .84  
1.89 

Mean vol. Mean wt. of 
Ce(NOs)s, N of F found, 

mt. soln. mg. 

25.19 0.0992 47.48 
10.02 .0992 18.89 

5.08 .0992 9.57 
2.01 .0992 3.79 
2.00 .0500 1.90 

B. Using micro-buret 

0.464 0.1080 0.95 
0.994 .0500 .95 
1.200 ,0216 .49 
0.476 .0216 .20 

Deviation from 
correct wt. F 

Av., Max., 
mg. mg. 

1 0 . 0 7  - 0.17 
- .03 - .05 
*.09 + . I 5  
- .04 - .09 
* . O l  + .04 



Discussion of Results.-The amount of fluorine that may be titrated 
by the method ranges from about 0.1 mg. to 50 mg. With a quantity 
greater than this upper value no break in potential is observed. This is 
undoubtedly due to the effect of a high salt concentration on the ferri- 
ferrocyanide potential, but the volume of the solution must not be too large 
as the method is a precipitation titration and depends on the separation of 
the cerous fluoride. 0.1 mg. is the lower limit set by the volumes that must 
be taken. In order to titrate an amount of fluorine smaller than this a 
more dilute solution of cerous nitrate would have to be used and then the 
dilution would be so great that the break in potential would not be observed 
a t  the equivalence point. 

Cerous fluoride is less soluble than cerous potassium ferrocyanide so 
with large amounts of fluorine all of the ferrocyanide goes into solution as 
shown by the equation 

3F- + CeKFe(CN)& CeF* + Kf + Fe(CN)em' 

As cerous nitrate is run in the excess fluoride is first precipitated and when 
this reaction is completed the ferrocyanide begins to reprecipitate. There 
is of course no indication of the completion of the cerous fluoride precipita- 
tion but since an amount of cerium equivalent to the fluoride precipitated 
in the beginning will be required for the ferrocyanide the correct equivalence 
point is shown by the break in the ferri-ferrocyanide potential. With 
small amounts of fluorine perhaps all of it is precipitated and the method 
then becomes simply a titration of ferrocyanide with cerous cerium. 

The gelatinous nature of cerous fluoride and the presence of cerous 
potassium ferrocyanide cause poisoning of the platinum electrode. After 
several titrations the electrode responds very sluggishly and the magnit!de 
of the potential breaks decreases rapidly, hence the electrode must be 
cleaned often by standing in cleaning solution, then washing with distilled 
water and igniting. 

Interfering Substances.-Ions which give precipitates with cerous 
cerium must be absent, thus excluding hydroxide, carbonate, phosphate, 
etc. The solution cannot be acid, as the cerous potassium ferrocyanide is 
readily soluble in dilute acids. Large amounts of salts completely obscure 
the potential break but with only small amounts present the titration may 
be performed. In some experiments with 19 mg. of fluorine good results 
were secured in the presence of 0.5 g. of sodium chloride. Successful 
titrations were also made in the presence of 0.5 g, of potassium chloride, of 
sodium nitrate and potassium nitrate; 0.5 g, of sodium sulfate, however, 
completely obscured the potential break; in the presence of about 0.2 g. 
the determination could be made. ?;he breaks in potential with solutions 
containing foreign salts are not as large as with solutions of pure fluorides. 
A solution of sodium fluoride containing 19 mg. of fluorine and 50 mg. of 
sodium silicate and another one wifh 32 mg. of sodium borate were neutral- 



:ed to phenolphthalein and titrated. Potential breaks were secured but 
hey came at too large a volume of cerous nitrate. 
The method was applied to the determination of the percentage of 

uorine in the Bureau of Standards sample of fluorspar, No. 79. The 
uorine was extracted by the Berzelius method using a double fusion as 
utlined In a previous papprr.lV Since the titration works well only with 
mall amounts of fluorine and foreign salts must be present in small concen- 
rations, i t  was necessary to resort to the use of aliquot parts of the pre- 
tared solutions of fluoride. The analyses are recorded in Table 11. 

TABLE I1 
DETERMINATION OF FLUORINE IN FLUORSPAR 

Using micro-buret, Ce(NO& 0.1080 N 
Sample, Tot. vol., Vol. for Vol. Ce(N0r)r %BF Av. 

g. ml. titr.,ml. A B C A c %F 
0.2427 249.92 10.06 2.244 2.234 2.224 47.13 46.92 46.71 46.92 

.3075 249.92 10.06 2.796 2.816 46.35 46.68 46.52 

.3648 249.85 10.06 3.309 3.319 3.299 46.23 46.37 46.09 46.23 
Average of all titrations, 46.56%. Bureau of Standards value, 46.20%. 

The potential breaks a t  the end-points ranged from 15 to 25 millivolts for 
1.02 ml. of reagent. The results run slightly high; this may be due to the 
'oreign salts present or to a slight amount of carbonate which might not 
lave been removed. Considering the small samples involved in the taking 
~f aliquots and the relatively high concentrations of sodium and potassium 
litrates in the solutions, the results exhibit a fair degree of accuracy. 

Acknowledgment.-This work was done with the aid of a fellowship 
grant in analytical chemistry from the J. T. Baker Chemical Company of 
Phillipsburg, New Jersey. Gratitude is here expressed for this support. 

Summary 
A potentiometric titration method for fluorine involving the precipitation 

of cerous fluoride has been developed through a new application of the 
ferri-ferrocyanide electrode. 

The method gives good results for amounts of fluorine ranging from 0.1 
mg. to 50 mg. Small amounts of foreign salts may be present but large 
amounts mask the equivalence point. Ions which precipitate cerous 
cerium must be absent. Fluorspar has been analyzed by the method. 
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[CONTRIBUTION FROM THE FRICK CHEMICAL LABORATORY OF PRINCETON UNIVERSIT~ 

The Temperature Coefficient of the Photosensitized 
Hydrogen-Oxygen Reaction 

The mechanism of the hydrogen~xygen reaction at high temper; 
tures has been the subject of considerable discussion recently. All of t k  
schemes postulated for the reaction involve a chain, with either excite 
molecules or free atoms and radicals as propagating agents. One of tl 
general characteristics of a chain reaction is that there exists a tempen 
ture region in which its reaction velocity does not obey the Arrhenit 
equation d In k/dT = E/RT2, but increases more rapidly with temper: 
ture than this law demands. Such a reaction is said to possess an ant 
Arrhenius temperature coefficient. This behavior arises from the fa( 
that there will be superposed on the ordinary temperature effect, whic 
causes an increase in the number of reactions initiated, an addition: 
temperature effect due to increase in the length of each chain starter 
As a result of these two influences, the change of reaction velocity wit 
temperature cannot be expressed by a simple law. 

The temperature coefficient of the direct photochemical hydrogen 
oxygen reaction has been measured by AndrejeE1 and by Coehn ant 
Grote These investigators found that the value of kt + lo/k, was onl: 
1.04-1.06 in the range 130-240°. Consequently, increase in temperatur 
did not result in marked increase in chain length in this temperature rangc 
Kistiakowsky3 showed for the same reaction that, whereas the tempera 
ture coefficient was 1.05 a t  room temperatures, i t  increased to 1.25 a 
temperatures above 500'. Kistiakowsky concluded that over a con 
siderable temperature range only short chains existed, but that abovc 
500°, quite long chains were propagated in the illuminated gas mixture 

More recently Farkas, Haber and Harteck4r5 have determined the chair 
lengths in hydrogen-oxygen mixtures sensitized to light by ammonia 
Their wGrk indicated that water formation proceeded by a chain, the lengtl 
of which increased exponentially with temperature, as expressed by thc 
empirical equation I t  = 3 e0 OZ3(" '0°), where 1, is the chain length a t  thc 
temperature t°C.5 This gives a t  about 400' a chain of about 350 mole 
cules of water for each hydrogen atom produced by light from the am 
monia. Furthermore, explosions occurred a t  temperatures about 420' 
and oxygen-hydrogen pressures above 300 mm. These results woulc 

' Andrejeff, J. Russ. Phys.-Chem. Soc., 43, 1345 (1911). 
Coehn and Grote, Nernst-Festschrift, 1912. 
Kistiakowsky, Proc. Nut. Acad. Sci., 15, 194 (1929). 
Farkas, Haber and Harteck, Naturwissenschaften, 18, 266 (1930); 2. Elektro 

chena., 36, 711 (1930). 
Haber, Naturwissenschaften, 18, 917 (1930). 
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indicate that the chains were lengthening rapidly as the temperature in- 
creased, becoming very long a t  comparatively low temperatures. To 
explain their findings, these authors used the Bonhoeffer-Haber mechanism 
of water for ma ti or^,^.^^^" which postulates chain propagation by means of 
hydrogen atoms and hydroxyl radicals. To explain the explosions, i t  
was suggested in addition that chain branching could occur through a 
reaction producing two hydroxyl radicals. 

Now, the results obtained in ammonia-hydrogen-oxygen mixtures are 
a t  variance with those of the direct photochemical reaction as measured 
by Kistiakowsky. The initial difference between the two reactions would 
seem to lie in the fact that following light absorption, hydrogen atoms 
are produced in the former whereas oxygen atoms are formed in the latter. 
The oxygen atoms must, however, react with the hydrogen by the stepx 

O + H n = O H + H  (1) 

Although reaction step (I) has a small activation energy, i t  should be 
completely efficient a t  about 400'. Therefore, if the Haber mechanism 
bc correct, both the OH radical and the H atom could initiate a chain. 
Consequently, it is to be expected that chain lengths in both the direct 
photochemical and the ammonia sensitized reaction sho~tld be about the 
same a t  comparable temperatures. This does not appear to  be the case. 

Hydrogen atoms can be produced a t  high temperatures from the action 
of excited mercury on molecular hydrogen. At ordinary temperatures, 
Marshall

g 
has determined the chain length in the mercury sensitized 

hydrogen-oxygen reaction, finding an average value of 2.5 molecules per 
quantum. He also determined the temperature coefficient of the reac- 
tion to be 1.04 over a limited temperature range. In  view of the dis- 
crepancy of the direct photochemical and the ammonia sensitized hydro- 
gen-oxygen reaction, and because of the suitable character of the mercury 
sensitized reaction, a comparison of the temperature coefficients of the mer- 
cury sensitized and the ammonia sensitized reactions is of importance. 
The anti-Arrhenius behavior of the temperature coefficients should indicate 
the temperature a t  which long chains are set up in the reaction mixtures. 

The Mercury Sensitized Reaction.-The experiments on the mercury 
sensitized hydrogen-oxygen reaction were carried out in a circulatory 
system, in order that the gases could be kept saturated with the mercury 
contained in a glass spiral saturator. The reaction vessel proper was 
of quartz, 10 cm. long, 1.8 cm. diameter, and 0.5 mm. wall thickness. 
It was kept a t  the desired temperatures by an electric furnace. The 
source of illumination was a water cooled Cooper-Hewitt mercury arc. 

Bonhoeffer and Haber, 2. physik. CLm., 137A, 363 (1928). 
Haber, 2. angew. Clzem., 42, 475 (1929). 
Kistiakowsky, THIS JOURNAL, 52, 1868 (1930). 
Marshall, J. Phys. Chem., 30, 34 (1926); 30, 1078 (1926); THIS JOURNAL, 54, 

4460 (1932). 
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Starting in every case with a 2: 1 Hz: 0 2  mixture at  600 mm. total pres- 
sure, reaction rates were measured a t  various temperatures from 280 to 
535O, and with mercury pressures of 0.0004,0.0035, and 0.020 mm. Each 
individual reaction showed an induction period of one or two minutes, 
but thereafter progressed at  a constant speed, measured by the slope of 
the straight line portion of the time-dp curves. In order to check the 
temperature coefficient from time to time, the light intensity of one series 

TABLE I 
DEPENDENCE OF RATE ON TEMPERATURE 

Initial pressure 600 mm. P H ~ ,  0.0004 mm. Ratio Hz:O,, 2: 1 

No. Temp. mm./lO min. 1/10 dz/dl 
&/dl 

D 1 356 3.0 0.166 18.1 
D2 451 5.0 .I66 30.1 
D3 506 7.5 .I66 45.2 
D4 534 69.5 .I66 418.8 

H1 289 5.4 .562 9.0 
H2 349 9.0 .562 16.0 
H3 451 20.5 .562 36.5 
H4 506 31.0 .562 55.1 
H5 534 108.0 .562 191.9 

I1 290 15.0 1.00 15.0 
I2 348 17.5 1.00 17.5 
I3  405 26.5 1.00 26.5 
I4  454 33.5 1.00 33.5 
I5  505 47.5 1.00 47.5 
I6 534 95.0 1.00 95.0 

P H ~ ,  0.0035 mm. 

B 1 270 8.2 0.860 9.6 
B2 404 22.2 . a 0  25.7 
B3 454 27.7 .860 32.2 
B4 508 33.5 .860 39.0 

A1 271 8.2 .803 10.2 
A2 361 16.2 .803 20.2 
A3 377 18.3 .803 22.8 
A4 403 19.5 .803 24.3 
A5 432 21.0 .803 26.2 

C1 316 8.5 .595 14.3 
C2 345 10.1 .595 17.0 
C3 406 15.0 .595 25.2 
C4 452 19.0 .595 31.9 
C5 506 28.0 .595 47.1 

E l  280 13.0 1.00 13.0 
E2 347 17.7 1.00 17.7 
E3 404 23.0 1.00 23.0 
E4 451 32.5 1.00 32.5 
EB 507 57.5 1.00 57.5 
E6 534 118.6 1.00 118.5 
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No. 

G1 
G2 
G3  
G4 
6 5  
G6 

J1 

Temp. 

287 
350 
404 
452 
507 
534 

235 
302 
360 

230 
400 
440 
442 
510 
512 

279 
337 

TABLE I (Conduded) 
dP/dl Pag,  0.020 mm 

mm./lO min. I / Io  

20.0 1.00 
24.0 1.00 
31.5 1.00 
35.5 1.00 
59.5 1.30 

112.5 1.00 

6.0 0.427 
9.0 .427 

12.0 .427 

E8.0 .668 
20.0 .66S 
25.2 .668 
25.0 .668 
37.0 .668 
35.0 .668 

9.0 .536 
13.0 .536 

of runs was taken as a standard, and other series (made with the same 
mercury pressure) were correlated with this standard. 



A reaction in the dark appeared a t  temperatures above 490" and 
amounted in some instances to as much as 25% of the total rate with light. 
The dark reaction velocity was subtracted from the total velocity in 
order to obtain the true light velocity. 

The data are summarized in Table I, and represented graphically on a 
log dx/dt-l/T plot, Fig. i. (The figures under dx/dt were obtained by 
dividing the values under dp/dt by the ratio 1/10.) 

Discussion 
A study of the data presented in the table and the figure reveals the 

fact that the temperature coefficient of the mercury sensitized hydrogen- 
oxygen reaction is anti-Arrhenius in character only above 490". At lower 
temperatures, the temperature coefficient is small, and follows the Ar- 
rhenius law more or less closely. The value of the "constant" E of the 
Arrhenius equation, calculated from the slope of the curves of Fig. 1, 
increases from about 3000-5000 calories in the low temperature range to 
greater than 25,000 calories a t  high temperatures. The conclusion can, 
therefore, be drawn that below 490°, the length of the reaction chains 
does not change sensibly, but that a t  higher temperatures, the length of 
the chains increases very rapidly with increasing temperature. 

This same conclusion was reached by Kistiakowsky3 in regard to the 
direct photochemical reaction. For purposes of comparison with his 
results, the averaged temperature coefficients, k,+,o/k, have been calcu- 
lated for the photo-sensitized reaction, and are tabulated in Table I1 

Temperature Photochem. Mercury photosensitized reaction 
interval, OC. reaction P H ~ ,  0.0004 0.0035 0.020 

300-400 1.07 1.12 1.09 1.05 
400-490 1.13 1.08 1.07 1.05 
490-505 1.25 . . . . . . 
490-510 . . 1.17 1.14 1.13 
510-530 . . 1.37 1.39 1.31 

This comparison indicates that a very close agreement exists between 
the temperature coefficients of the photochemical and the mercury sensi- 
tized reactions, and i t  is reasonable to conclude that the two reactions 
are practically identical in this respect. Now, Kistiakowsky3 has shown 
that the chains produced in both reactions were of approximately the 
same length a t  room temperatures. The similarity of the temperature 
coefficients shows further that the chain lengths are about the same a t  all 
temperatures, in spite of the fact that the oxygen atoms initiate the reac- 
tion in one case and hydrogen atoms in the other. Such a result is to 
be expected if the oxygen atoms produce hydrogen atoms by the reac- 
tion 0 + Hz = OH + H, and this would involve that OH radicals do not 
participate in the chain a t  least below 490'. 
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It appears from these results that the mercury sensitized hydrogen- 
oxygen reaction does not show the characteristics reported by Farkas, 
Haber and Harteck for the ammonia sensitized reaction. In  order to  
make a direct comparison of the two reactions, a study of the ammonia 
sensitized reaction was undertaken, using the same apparatus as described 
above for the mercury sensitized reaction. 

The Ammonia Sensitized Reaction.-The ammonia used in the 
experiments on the ammonia sensitized hydrogen-oxygen reaction was 
supplied by solutions of ammonium hydroxide contained in a small efficient 
bubbler cooled in an ice-bath. This method of supplying the ammonia 
insured a constant partial pressure of both ammonia and water vapor 
during a run. The source of illutrzination was a Cooper Hewitt mer- 
cury arc, operated as a hot arc on 8 amperes and ti0 volts. 

Before presenting the main results and general discassion, one or two 
observations of interest should be reported. 

The Dark Reaction.-When the experiments in this investigation 
were first commenced, no dark reaction was observable before illumina- 
tion of the reaction mixture. However, after some fifty separate runs, 
a slow dark reaction could be detected preceding the light reaction, even 
a t  temperatures as low as 300'. When no experiments had been made 
for several days, on recommencing the runs this dark reaction would not 
appear for the first few experiments, but, thereafter, would be noticeable 
in the fresh gas mixtures. 

A dark reaction was always observed after every light reaction. For 
the first minute or two after cutting off the light, the rate of this dark 
reaction was about 50y0 of the light rate, but then fell to a very small 
value. That a dark reaction persisted for a considerable time, however, 
was shown by permitting a mixture, in which reaction had been initiated 
previously by light, to stand for several hours in the dark. During this 
interval a pressure decrease occurred. 

The Effect of Mercury.-Since mercury served as the valves and 
piston of the circulating pump, no attempt was made to remove the mer- 
cury vapor from the gases for these experiments with ammonia as a sensi- 
tizer. That no sensitization by mercury was taking place was shown by 
the fact that no reaction occurred in the absence of ammonia when the 
arc was operated hot. Moreover, the rate of the ammonia sensitized 
reaction was not affected by varying the partial pressures of mercury 
from 0.0004 to 0.020 mm. Although this determination was made only 
for the one partial pressure of ammonia of 14.5 mm., i t  has been assumed 
that the presence of mercury has no effect on the reaction rates a t  other 
ammonia concentrations. 

The Effect of Temperature and of Ammonia Pressure.-Reaction rates 
for ammonia-oxygen-hydrogen mixtures sensitized to light were measured 
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over a temperature range from 275-450°, and with partial pressure of am- 
monia from 1.3 mm. up to 97.5 mm. In every case the partial pressures 
of hydrogen and of oxygen in the system were 400 mm. and 200 mm., 
respectively. The pressure of water was a t  all times less than 5 m a .  

The graph of an individual reaction indicated that an induction period 
of one or two minutes existed, after which the reaction proceeded smoothly 
a t  a constant speed, measurable by the slope of the straight line portion 
of the time-dp curve. The reaction rates were quite reproducible, check- 
ing within f 4%. Every effort was made to keep the light intensity and 
other conditions constant during the whole series of experiments, in order 
that the rates measured a t  various pressures of ammonia and a t  various 
temperatures could be compared directly. That constancy of conditions 
actually prevailed over a long time was indicated by checking the runs 
a t  a given partial pressure of ammonia (14.4 mm.) at intervals during the 
investigation. The complete data are collected in Table 111, showing 
the reaction rate observed a t  each temperature and ammonia pressure. 
Most of the rate values recorded are the mean of two or more duplicate 
runs. (The values listed under dx/dt were obtained by dividing the 
figures under dp/dt by the ratio of 1/10.) 

- dp/dt 
Series NH:, Temp., mm:/lO 
Letter mm. O C .  mzn. 1 / 1 0  
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TABLE 111 (Concluded) 
- d+/di 

Series NHI, Temp., mm,/lO 
letter mm. O C .  rmn. 1 / 1 0  d r / d f  

R 8.9 277 37.0 1.335 27.7 
314 55.7 1.335 41.5 
350 77.5 1.335 58.0 
380 112.5 1.335 84.3 
403 151.5 1.335 113.0 
424 192.0 1.335 144.2 
430 228.0 1.335 170.8 

L 9.6 272 6.2" 1.00 6.2 
355 55.8 1.00 55.8 
378 83.0 1.00 83.0 
404 122.3 1.00 122,3 

T 9.6 275 26.3 1.335 19.6 
3 14 57.3 1.335 42.9 
351 77.3 1.335 58.3 
380 106.0 1.335 79.4 
404 150.0 1.335 112.4 

14.5 200 8.0 1.00 8 .0  
271 24.3 1.00 24.3 
324 41.0 1.00 41.0 
35-1 54.0 1.00 54.0 
376 79.0 1.00 79.0 
404 107.7 1.00 107.7 
422 136.0 1.00 136.0 
440 169.5 1.00 169.5 

M 31.5 272 13.5 1.00 13.5 
355 38.5 1.00 38.5 
381 57.5 1.00 57.5 
404 83.5 1.00 83.5 

I 97.5 271 8.3 1.00 8 .3  
355 16.2 1.00 16.2 
378 23.0 1.00 23.0 
404 34.4 1.00 34.4 

" These abnormally low values for which we have no explanation have been omitted 
in the graphical representation and in the conclusions drawn from these latter. 

The Temperature Coefficient.-A plot of the data of Table I11 on 
a log dx/dkl/T graph, Fig. 2, shows that the reaction velocity of the 
ammonia sensitized hydrogen-oxygen reaction increases from 300' upward 
more rapidly with temperature than the Arrhenius equation requires. 
Although this effect is observed with all concentrations of the sensitizer, it 
is more pronounced when lower partial pressures are employed. The curve 
obtained with 2.5 mm. of ammonia is particularly striking in this respect. 

No explosions were obtained a t  temperatures up to 435-440°, although 
the reaction rate was becoming so fast a t  these temperatures that i t  seemed 
likely that explosions might have occurred a few degrees higher. 



The Effect of Ammonia Concentration.-The dependence of reaction 
rate on the concentration of ammonia is indicated in Fig. 3, in which 
dx/dt is plotted against the partial pressure of ammonia, a t  three different 
temperatures. The rate values used in constructing this graph were 
those read off for the desired temperatures from a graph of the tempera- 
ture coefficients plotted from all the data of Table 111. 

0.14 0.15 0.1G 0.17 0.18 
1 / ~  X lo2. 

Fig. 2.-Variation of log dx/dt with 1/T. 

The curves indicate the remarkable dependence of reaction rate on 
the ammonia concentration. For any given temperature, there exists 
a concentration of ammonia a t  which the reaction rate is a maximum. 
The interpretation of this fact is that a t  concentrations of ammonia less 
than that required to give the maximum rate, the chain propagating in- 
fluence of ammonia is effective, while a t  concentrations greater than the 
optimum, a chain breaking effect of ammonia becomes predominant. 

The Chain Length.-In order to estimate the length of the chains 
occurring in the reaction, the rate of photodecomposition of ammonia 
was measured. Since this reaction is slow, and since the total volume of 
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the system used for the ammonia sensitized hydrogen-oxygen reaction 
was large (280 cc.), a direct determination of the ammonia decomposi- 
tion rate by following pressure change could not be made in that apparatus. 
Therefore, using the same reaction vessel and furnace, a small static 
system of total volume of 48 cc. was constructed in which to measure 
ammonia decomposition. The arrangement of arc, furnace and reaction 
vessel was the same in this apparatus as in the ammonia sensitized reac- 
tion, so that the conditions under which reaction took place were com- 
parable in both cases. The same arc, operating a t  the identical voltage 
and amperage, was employed. Tank ammonia, purified by fractional 
distillation a t  low temperatures, was used in these experiments. 

PNH,, mm. 
Fig. 3.-Dependence of reaction rate on ammonia pressure. 

The rate of the photodecomposition was measured a t  temperatures 
from 300 to 450°, and a t  ammonia pressures from 10 to 100 mm. by follow- 
ing the pressure increase with a constant volume mercury manometer. 
It was found that the reaction rate fell off as the reaction progressed; 
consequently the pressure increase occurring in the first two minutes 
was taken as a measure of the rate of reaction. Also, practically no 
temperature coefficient was observed for the photodecomposition rate.I0 
Consequently, in obtaining the dependence of rate on initial ammonia 
concentration, the rates observed a t  the several temperatures were all 
plotted against the pressure of ammonia. The smooth average curve 
drawn through all the combined data was of the form dx/dt o: Iabs = 

(1 - e-a[NH"), indicating that the decomposition rate was directly pro- 
portional to the ammonia pressure in the low concentration range, and 
independent of the ammonia pressure a t  higher concentrations. Complete 

lo See Wiig and Kistiakowsky, THIS JOURNAL, 54, 1805 (1932). They find but a 
slight increase in quantum yield with temperature from 300 to 500°, contrary to Kuhn. 
Compt. rend.. 178, 708 (1924) 



absorption was achieved only a t  fairly high pressures of ammonia, for 
we were probably dealing only with the weak 2260 A. ammonia absorp- 
tion band. 

A calculation was then made of the number of moles of ammonia de- 
composed in unit time in the photodecomposition of ammonia, and com- 
pared with the number of moles of water produced in the ammonia sensi- 
tized hydrogen-oxygen reaction. The ratio moles of water formed in 
unit time to moles of ammonia decomposed in unit time should be a meas- 
ure of the length of the chain existing in the hydrogen-oxygen mixture 
a t  a given temperature, assuming that only the hydrogen atoms produced 
by light from the ammonia are effective in starting chains.ll 

The final figures are collected in Table IV. The first column gives 
the pressure of ammonia; the second the average number of moles of am- 
monia decomposed in unit time a t  any temperature from 290 to 430'; 
the third, the number of moles of water formed in unit time a t  290' in 
the ammonia sensitized reaction; and the fourth, the ratio of the moles 
of water formed to the moles of ammonia decomposed. The remaining 
columns of the table give the corresponding data for the temperatures 
of 350 and 405', respectively. 

TABLE IV 
THE DEPENDENCE OF THE RATIO AnHtO/AnNHz ON TEMPERATURE AND AMMONIA 

CONCENTRATION 

200° 350' 405O 
Av. moles Moles Moles Moles 

NH3 Ha0 Hz0 Ha0 
decomp. formed formed Ratio form$ Ratio 
per mm. per mm. &?E per m ~ n .  AnH?O per mln. LEE99 

PNHI X 107 X 107 AnNH' X 107 AnNHa X 107 AnN& 

1.3 0 .7  . . . . . 18 25 17 26 
2.5 1 .3  22 16 24 19 214 115 
4.8 2 .6  116 47 43 1 175 1144 460 
5 .6  2 .8  217 76 575 200 1303 504 
8.9 4 .7  284 59 500 100 1003 210 
9 .6  5 .2  284 55 500 96 1003 194 

14.5 7 .7  253 33 474 63 876 123 
31.5 15.0 151 10 310 21 732 49 
97.5 24.1 796 3 205 6 294 13 

Discussion 
A comparison of the results of our experiments on the mercury sensi- 

tized and the ammonia sensitized hydrogen-oxygen reactions indicates 
that the temperature coefficients of the two do not behave in the same man- 
ner, but are in fact quite divergent. However, our findings on the tem- 
perature sensitivity of ammonia-hydrogen-oxygen mixtures are essen- 

11 If the true quantum yield of the ammonia photodecomposition at these tem- 
peratures is 0.5, as reported by Kistiakowsky and Wiig, the true chain lengths in the 
ammonia sensitized reaction should be just one-half of the values reported for the ratio 
moles water formed to moles ammonia decomposed. 
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tially in agreement with those of Farkas, Haber and Harteck. This is 
shown by the follawing comparative data. 

Total pressalte, mm. 
Ratio, HZ: On 
Pressure of NI&, mm. 
Molecules water formed per second a t  290' 
Molecules water formed per second at  405O 

Molecules per see. a t  405' 
Ratio 

Molecules per sec. a t  290 O 

Farkas, Haber 
and Harteck Present work 

500 600 
2: 1 2:l 
3 2.5 

a x 1017 5 .5  x 1o16 
2.5 X 10l8 4.5 X lox6 

Our Table IV indicates that the so-called "chain length" is not constant 
at  a given temperature, as it should be, but varies with the concentration 
of the sensitizer. This is very clearly brought out in Fig. 4, where the 
ratio moles water formed to moles ammonia decomposed, is plotted against 

10 20 30 40 50 60 70 80 90 
PNH,, mm. 

Fig. 4.-Dependence of the ratio, moles of water formed to moles of 
ammonia decomposed, on the ammonia pressure. 

the ammonia pressure. On the low pressure side of the maximum the 
ratio is dependent almost exactly on the square of the ammonia pressure, 
while on the high pressure side, the values are inversely proportional to 
the 1.3 power of the ammonia pressure. The fact that the "chain length" 
is not constant even at  the lower pressures of ammonia, where its inhibit- 
ing effect does not enter, indicates the strong influence of the ammonia 
on the course of the reaction. 

Fram the facts brought out above, it seems clear that sensitization of 
hydrogen-oxygen mixtures by ammonia is not simply a case of initiation 
of reaction by hydrogen atoms. On the contrary, the reaction mechanism 
must be much more complicated. We suggest as possibilities that  NHz 
radicals, and intermediate oxidation products of these, are helping to propa- 



gate long chains. It was pointed out some time agoI2 that with oxygen 
as one of the reactants in the system, there is always the possibility that 
primary interaction of oxygen with ammonia might influence the course 
of any reaction in which ammonia was used as a sensitizer. In work 
with other sensitizers, hydrogen sulfide, hydrogen bromide, etc., for the 
hydrogen-oxygen reaction, Farkas, Haber and Harteck13 find that the 
sensitizer not only produces hydrogen atoms but also enters into oxida- 
tion reactions. In preliminary experiments on the photochemical oxida- 
tion of ammonia, we find that the rate of removal of ammonia when oxygen 
is present is three or four times as fast as the photochemical decomposi- 
tion of ammonia under the same conditions when oxygen is absent. This 
implies that the photochemical oxidation of ammonia is a chain reaction 
which may be involved in the mechanism of the ammonia sensitized 
hydrogen-oxygen reaction. I t  is known that nitrogen dioxide has an 
enormous accelerating influence on the explosibility of hydrogen-oxygen 
mixtures, but evidence indicates that its action may be due to a wall 
effect. While the possibility of its intervention in the ammonia sensi- 
tized reaction cannot be excluded, we incline to the view that the NH2 
fragments are primarily responsible. 

As the result of the investigation of the ammonia sensitized reaction, 
the source of the divergence between i t  and the mercury sensitized reac- 
tion has been located. The appearance of long chains in the ammonia 
sensitized reaction a t  temperatures a t  least 100' lower than the tempera- 
ture a t  which they appear in the mercury sensitized or direct photochemi- 
cal reaction is accounted for by the fact that the ammonia itself power- 
fully influences the course of the reaction, whereas the mercury has no 
similar effect. 

Since, as is apparent from the preceding considerations, the ammonia 
and its decomposition products are important factors in determining the 
length of chain a t  a given temperature, it is evident that the results ob- 
tained from the sensitization experiments with ammonia cannot be used 
to  determine the efficiencies of postulated reactions in the hydrogen-oxygen 
reaction chain. This has been done by Frankenburger and Klinkhardt, 
who used the chain length in the ammonia sensitized reaction as a func- 
tion of temperature as a measure of the activation energy of the reaction 
OH + Hz = Hz0 + H. Had this been correct, the mercury sensitized 
reaction would have shown a similar temperature variation in the same 
temperature range. No such is observed. Furthermore, the ammonia 
concentration markedly affects the temperature variation. No significance 
attaches, therefore, to the value of 12,000 calories deduced thus for the 
activation energy, and the arguments based by Frankenburger and Klink- 

'2 Taylor and Emeleus. THIS JOURNAL, 53, 562 (1931). 
13 Parkas, Haber and Harteck, Naturwissenschaften, 18, 443 (1930). 
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hardt on this value are correspondingly weakened. This conclusion has 
been independently reached by Haber and Oppenheimer,14 who note 
marked differences between the ammonia sensitized reaction and that 
initiated by atomic hydrogen from a tungsten arc. While we agree with 
their conclusion, we believe that their observations with the tungsten arc 
must be similarly suspect since they show abnormal sensitivity with tem- 
perature when compared with our mercury-sensitized and the photochemi- 
cal reaction. We suspect a reaction accelerated by tungsten dust from 
the atomic hydrogen arc as the cause of Haber and Oppenheimer's results. 

Summary 

1. The temperature coefficients of the mercury sensitized and the 
ammonia sensitized hydrogen-oxygen reactions have been measured a t  
high temperatures. 

2. The temperature coefficient of the ammonia sensitized reaction is 
anti-Arrhenius a t  temperatures above 300' while that of the mercury 
sensitized reaction is anti-Arrhenius only above 400°, indicating that 
a marked increase in chain length occurs a t  a much lower temperature 
in the case of ammonia-hydrogen-oxygen mixtures. 

3. The temperature coefficients of the mercury sensitized and the di- 
rect photochemical reactions of hydrogen and oxygen are shown to  be 
comparable over the whole temperature range. I t  is suggested that the 
chain mechanism of the reaction is the same whether initiated by atomic 
oxygen or atomic hydrogen. 

4. The rate of reaction in mixtures of hydrogen and oxygen sensi- 
tized by ammonia is markedly dependent on the concentration of ammonia. 
At low concentrations, a chain propagating influence of ammonia is effec- 
tive; a t  high concentrations, a chain breaking effect of ammonia becomes 
predominant. 

5. Sensitization of hydrogen-oxygen mixtures by ammonia is not 
simply a case of initiation of reaction by hydrogen atoms. It is suggested 
that NH2 radicals and intermediate oxidation products of these help to  
propagate the chains. 

6. The cause of the divergence of the ammonia sensitized from the 
mercury sensitized reaction of hydrogen and oxygen is ascribed to  the 
powerful influence of ammonia on the course of the reaction. 

PRINCETON, NEW JERSEY RECEIVED JULY 19, 1932 
PUBLISHED JANUARY 11,1933 

'4 Haber and Oppenheimer, Z. physik. Chem., 16B, 443 (1932). 



[CONTRIBUTION RROM THE FRICK CHEMICAL LABORATORY OF PRINCETON UNIVERSITY] 

The Production of Hydrogen Peroxide in the Mercury 
Sensitized Hydrogen-Oxygen Reaction 

I n  spite of a large number of investigations there still seems to exist 
considerable doubt as to the mechanism whereby oxygen reacts with 
hydrogen atoms produced by different methods.' Still more striking is the 
fact that there is no agreement among the various workers as to the primary 
products of the reaction. Bates and Taylor2 reported that in the mercury 
sensitized reaction, which is generally conceded to go through the inter- 
mediate stage of atomic hydrogen, they were able to show hydrogen per- 
oxide to  be the sole product. This fact was in complete agreement with the 
mechanism originally suggested by Taylor and Marshall, which may be 
written 

Hg' + H2 + Hg + 2H (1) 
H + 0 2  + HOa (2) 

HO2 + Hz + HzOz + H (3) 
H + H - + H z  (4) 

This mechanism has chain characteristics and, therefore, can have a 
quantum yield of hydrogen peroxide of any magnitude, depending upon the 
relative efficiency of the processes involving oxidation compared with the 
recombination of hydrogen atoms. Thus if (2) and (3) are relatively rapid 
and (4) is slow, we might have chains much greater than unity, while if 
the reverse were true, yields of unity or less might be expected. 

Another possible mechanism was postulated by Bonhoeffer and Haber3 

H + Oa --+ HOz (2) 
HOZ + HZ -+ H*O + OH (3a) 
OH + Hz + Hz0 + H (44 

OH + OH + Hz02 (5a) 

We see that the initial process is the formation according to (3a) of water 
and an hydroxyl group. The latter may react according to (4a), giving 
water and hydrogen atom, again a chain process. If, however, the latter 
process required a large activation, i t  would occur so seldom as to allow 
practically all of the hydroxyls to form hydrogen peroxide according to 
(5a). If the latter condition exists, the quantum yield of hydrogen per- 
oxide formation is unity, and, what is most important, there are formed 

(1) Taylor, TEIS JOURNAL. 48, 2840 (1926), contains references up to this date; Marshall, J .  
Phys. Chem., SO, 34, 1078 (1926); TEIS JOURNAL, 49, 2763 (1627); Haber and con Schweinitn. Silzb 
prcuss. Akad. Wiss., 30,499 (1928); Farkas, Haber and Goldfinger, Nai~r~oiS~edschaften, 17,674 (1929); 
18, 266 (1930); Haber, ibid., 18, 917 (1930): Farkas, Habw and Harteck, ibid. ,  18, 266, 443 (1930); 
Z .  Elektrochcm., 36, 711 (1930); Frankenburger and Rlinkhardt, 2. physik. Chem., 8B, 13'X (1930); 
16B, 421 (1932); Trans. Paraday Soc., 27,431 (1931). 

(2)  Bates and Taylor, THIS JOURNAL, 49,2438 (1927) 
(3) Bonhoeffer and Haber, Z. #hysik. C k i n . ,  137A, 263 (1928); Z. angcw. Cltem , 42, 475 (1929); 

see also Farkas, Haber and Harteck, Naturdisscnschaftt?n, 18, 266 (l'J30). 
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simultaneously a t  least two molecules of water. There must appear, 
therefore, at least 51.4 weight per cent. of water in the products. This 
mechanism has received general recognition, in spite of the work of Bates 
and Taylor already cited, and of Bonhoeffer and B ~ e b m , ~  who found 75% 
of hydrogen peroxide in the products of the reaction of moleccllar oxygen 
with hydrogen atoms produced by a discharge. 

Another possible point of divergence is the quantum yield of hydrogen 
peroxide. If this were of a magnitude greater than unity the Haber 
mechanism would be ruled out. A yield, however, of unity or less would 
be entirely inconclusive. Marshall's measurements of the quantum yield4= 
gave a value of 6.6. More recently Frankenburger and Klinkhardt have 
redetermined this magnitude and find a value near unity, which they 
advance as strong proof of the Haber mechanism. Since, however, they 
find that in fifteen out of twenty-three experiments recorded the value was 
somewhat greater than unity, these authors have introduced an alternative 
reaction to (3a) 

HOz + H20 -+ HzOn + OH ( 6 4  

This would lead to a quantum yield of three, and they then explain their 
high values by suggesting that both (3a) and (6a) take place, giving a value 
intermediate between 1 and 3. This supposition rules out the later work 
of Marshall5 as a basis for distinguishing between the two mechanisms, be- 
cause he used moist gases in obtaining 100% hydrogen peroxide formation. 

It immediately appears that considerably more importance is to  be 
attached to the early work, which showed hydrogen peroxide as the sole 
product in dry gases, than was supposed a t  that time. This work has, 
therefore, been repeated with great care with a view to  settling this point 
and thereby difkrentiating between the two postulated mechanisms. 
The great frequency with which the Haber mechanism has been introduced 
into various reaction kinetics during the past years makes this simple yet 
crucial experiment seem of great importance! 

The effect of water vapor on the production of hydrogen peroxide h a .  
also been studied in an effort to test the validity of reaction (6a). 

Experimental 
Tank hydrogen and tank oxygen were used without pwiftcation, since the possible 

impurities, nitrogen, etc., have been shown by Marshall to be without effect on the re- 
action. 

(4) Bonhoeffer and Boehm, Z. physik. Chem., 119,385 (1926): Bonhoeffer and Loeb, ibid., 119,474 
(1926). ,- --, 

( 4 4  In a note published since this article was written, Marshall has revised this value to 2.6 
[THIS JOUBNILL, 64, 4460 (1932) 1. 

(5) Marshall, THIS JOURNAL, 49, 2763 (1927). 
(6) Bodenstein, Trans. Paraday SOG., 27, 413 (1931); von Elbe and Lewis, THIS JOURNAL, 54, 

652 (1952); Lewis, Chcm. Rev., 10,49 (1932); Norrish, Trans. Papaday Soc., 27,461 (1931); PIOG. Ray. 
Sot., (London) 332 (1932); Alyea, THIS JOURNN,, 53, 1324 (1931); Kassel. "Kinetics of Gaa 
Reactions," Am. Chem. Soc. Monograph No. 57, p. 121. 



In all the experiments a flow system was used. The rate of flow was measured by 
flowmeters previously calibrated against a standard gasometer. The gases, before en- 
tering the reaction zone, were separately bubbled through wash bottles containing mer- 
cury, and, after the streams of hydrogen and oxygen were united, they were once more 
bubbled through mercury to  ensure saturation and complete mixing. The gas mixture 
was then either dried over phosphorus pentoxide, or else passed through a medium which 
regulated the water vapor pressure t o  a desired amount. On leaving the illuminated 
zone, the gases were led into a trap or traps immersed in liquid air. Quartz t o  Pyrex 
seals and ungreased ground glass joints were used t o  prevent as much as possible any de- 
composition of the peroxide which might occur from contact with rubber or other foreign 
materials. 

Two methods of illumination were employed. I n  the first, an ordinary vertical 
arc of the Cooper-Hewitt type was immersed in a water-bath maintained a t  14'. Sur- 
rounding this, and also under water, was a quartz spiral of 4.5 cm. diameter, made of 
140 cm. of 5-mm. bore quartz tubing. The arc burned a t  6 amperes and 21 volts. The 
second method of illumination made use of the special type of mercury arc described in 
detail by Bates and T a y l ~ r . ~  The reaction tube is surrounded by the arc, and the gases 
flow through in a straight line. In  our set-up, the reaction tube was of quartz, 8 mm. in 
bore and 40 cm. long. 

Procedure 
In making a run, the arc was first started and allowed to come to a constant con- 

dition. The gases were turned on, and their rates of flow adjusted to  the desired values; 
they were not permitted to  flow through the reaction zone until a moment before a run 
was started, in order to  avoid as much as possible the formation and deposition of 
mercuric oxide a t  the outlet from the reaction zone, since it  was found that an accumula- 
tion of this yellow oxide materially reduced the yield of hydrogen peroxide. When all 
was ready, the gases were passed through the reaction zone for one minute, and the trap, 
previously weighed and now immersed in liquid air, was attached by the ground glass 
joint to the outlet. In  order that  frost should not form a t  the outlet and later melt and 
run back into the trap, the off-gases were led out through a length of rubber tube at- 
tached to the trap. After the reaction had been permitted to  proceed for the desired 
time (usually ten minutes), the trap was removed from the liquid air, warmed up to 
room temperature and weighed. The reaction products were then rinsed out with dis- 
tilled water, and titrated for hydrogen peroxide with 0.1 N potassium permanganate. 
The operations of weighing and titration were carried out as expeditiously a s  possible in 
order to  minimize the amount of peroxide decomposed during the time. From the total 
weight of the product, and the amount of hydrogen peroxide as determined in the titra- 
tion, the percentage yield of the hydrogen peroxide could be calculated. 

Experimental Results 

Dry Gases.-It has been stated previously that the gases were dried in 
the experiments by passing them over phosphorus pentoxide. In  order to 
indicate the efficiency of this process several blank runs were made a t  
various times during the investigation, and in no instance was any weigh- 
able moisture frozen out in the traps. 

The results with the quartz spiral and small mercury lamp are recorded 
in Table 1, experiments 1 to 7. Various rates of flow and different ratios 
of hydrogen to oxygen were tried. It was observed that mercury oxide was 
deposited on the last coil of the spiral and that i t  considerably decreased 



Jan., 1933 HYDROGEN PEROXIDE IN THE HYDROGEN-OXYGEN REACTION 113 

the peroxide yield from any subsequent run. Consequently, the practice 
was adopted for the later experiments of cleaning out the spiral with dilute 
nitric acid before each test. The data show that in all except the first two 
experiments, the weight per cent. of hydrogen peroxide in the product was 
greater than the 50% yield to be expected according to  Frankenburger. 
In one instance i t  was as high as 75%. 

Using the special type of mercury arc, more experiments were carried out 
with dry gases. A rate of flow of about 135 liters per hour and an eight to  
one hydrogen to oxygen mixture gave the best results. Here as with the 
other set-up an accumulation of mercury oxide at the outlet of the reaction 
zone cut down the peroxide yield. The results are shown in Table I, 
experiments 12 to 21. 

TABLE I 
RUNS WITH DRY GASES 

Rate of flow 
Liters/hr. Ratio Time of Total HzOz, HzOz 

No. 0 2  Hz Hz: 0 2  run, min. product, tng. mg. % 

1 20 105 5: 1 5 11.5 4.4 38.5 
2 20 102 .5: 1 5 17 7 5 4 30.7 
6 25 120 5: 1 10 8.5 5.6 65.5 
3  14 130 9: 1 20 23.6 16.1 68.5 
4 12 129 11:l 20 19.1 10.3 54.0 
5 12 127 11:l 10 9 8 7 . 3  74.9 
7 8 140 17: 1 11 10.1 7.3 72.6 

12 29 117 4: 1 5 5 8 3.4 58.0 
13 20 118 6: 1 10 16.8 13.6 81.0 
14 20 118 6: 1 10 12 5 9.7 77.2 
24 22 151 7: 1 10 11.3 7.7 67.9 
17 10 73 7:l 10 10 2 7.4 72.5 
15 15 118 8: 1 10 9.2 7 5 82.0 
16 15 118 8: 1 10 11 3 9 .1  80.5 
22 14 120 8.5:l 10 10.5 5 5 52.0 
23 14 119 8 5 : l  10 11.0 7 . 5  68.1 
11 12 118 10: 1 5 7 8 4.4 57.0 
21 12 130 11:l 10 14.0 10.2 73.2 

Experiments 1 to 7 with quartz spiral; experiments 12 to 21 with special arc. 

They indicate that again more than 50% by weight of peroxide could be 
obtained, and that in fact a yield of over 80% was found in two cases. 

I t  seemed possible that in the freezing-out process hydrogen peroxide 
might be trapped more easily than water, thereby leading to high peroxide 
yields. It was not expected that a preferential condensation of the per- 
oxide could be occurring by reason of a difference in vapor pressure of the 
two substances for a t  liquid air temperatures the vapor pressures of both 
must be negligibly small. Nevertheless, a purely mechanical separation 
might be effected, for while the peroxide might be trapped out completely, 
the water might be caught only partially, since it is known that  water tends 
to be carried through a liquid air trap in the form of a mist or "snowstorm." 



Consequently, a second trap (Trap No. 2) of the ordinary type was at- 
tached in series with the first (Trap No. 1) by means of a ground glass 
joint, and more experiments were made. These showed that a considerable 
quantity of the product was carried through the first trap and caught in the 
second. But what is more to the point, the water was as readily trapped 
out as the peroxide, for the percentage of the latter was the same in both 
traps. Table 11, experiments 2 to 23, contains a resume of these results. 
In this set of experiments, peroxide yields as high as 88% were obtained, 
while the average of seven tests was 82.5%. 

Inasmuch as all the product might not be caught even in two traps, the 
second was replaced by another trap of a different type. This consisted of 
a series of five U-tubes made from a single long length of 6-mm. Pyrex 
tubing. The bends were made sharply so that all five could be put into one 
Dewar flask containing the liquid air. This multiple trap was attached to 
the first by a ground glass joint, so that in reality there were six traps in 
series. During a run, the top bends of the multiple trap were kept warm 
by a blast of hot air. Thus any "snowstorm" of water or peroxide must 
have been melted during its passage from one U to the next, thereby ensur- 
ing a more complete condensation of the product. 

In accordance with expectations, experiments showed that a large portion 
of the total amount of the substance was frozen out in this multiple trap. 
Liquid was condensed in progressively smaller amounts on each down tube 
of the successive U's. On the fourth down tube, the amount condensed 
was just visible, while on the last, little or no product was observable. The 
conclusion was reached that with this device essentially complete recovery 
of the product was accomplished. As in the previous work with the double 
trap the percentage of hydrogen peroxide was the same in the multiple as 

TABLE 11 
RUNS WITH DRY GASES AND SPECIAL ARC 

Total rate of flow, 136 liters/hr. Ratio Hz:O, = 8: l  
Time Total 

of product, mg. Ha&, mg. Ratio so*, % 
r Trap Trap Mg. in No. 1 Trap Trap H 2 a  in No. Trap Trap 

No. mtn. No. 1 No. 2 Ma. in No. 2 No. 1 No. 2 HaOt in No. 2 No. 1 No. 2 - 
1 10 14.1 6.0 2.35 10.6 4.1 
2 10 12.6 5.6 2.25 11.0 4 .5  
8 10 12.1 5 .4  2.24 9.0 4 .1  

11 10 12.2 5 .3  2.30 10.8 4.7 
14 10 11.3 5 .2  2.17 9 .6  4.6 
21 10 11.9 5 .5  2.16 10.0 4.7 
23 10 12.4 6.1 2.03 11.0 5 .3  
29 10 14.512-0  1.21 10.1 6.5 
31 10 13.5 10.0 1.35 11.3 8.1 
32 10 13.8 10.0 1.38 11.8 8 .3  
33 10 15.0 9 .4  1.60 13.4 7 .9  
41 10 12.1 7 .9  1.53 10.3 6 .8  
Double trap, runs 2 to 23; multiple trap. runs 29 to 41. 
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in the first trap, indicating again that the peroxide was not preferentially 
condensed. The data are tabulated in Table 11, experiments 29 to 41. 

The results of all the preceding experiments with dry gases demonstrate 
conclusively that 85% by weight of hydrogen peroxide can be obtained 
easily in the condensable product from the mercury sensitized hydrogen- 
oxygen reaction. 

Moist Gases.-In the first experiments to determine how moisture in 
the gases influences the hydrogen peroxide yields, only the total amount of 
peroxide appearing in the product was ascertained. Alternate runs were 
made, using first dry and then moist gases, in order to bracket and check 
the results. To regulate the moisture in the gases, they were by-passed 
either through a long tube containing granular calcium chloride, or through 
a trap containing cracked ice, the trap itself being maintained in an ice- 
bath. These two environments ensured a partial pressure of water in the 
gases of about 0.4 mm. and 4 mm., respectively. When using ice to 
maintain the water vapor pressure, the ice trap was put in the gas train 
before the mercury saturators in order that the mercury pressure in the 
gases might not be altered. 

The observations obtained using the special type of mercury arc as a 
source of illumination are recorded in Table 111, experiments 18a ta 18f 
indicating the results with 0.4 mm. of water, experiments 19a to  20c with 
4 mm. of water. 

TABLE I11 
RUNS WITH MOIST GASES AND SPECIAL ARC 

Rate of flow 
Condition liters/hr. Ratio Time pf Ha01, 

No of gases On Ha Hx/Oz run. mm. mg. 

18a Dry 15 118 8:l 10 8 . 3  
18b Wet 15 119 8: 1 10 9.5 
18c Dry 15 120 8: 1 10 5.6 
18d Wet 16 118 8: 1 10 9.3 
18e Dry 15 120 8:l 10 9.6 
18f Wet 15 120 8:l 10 12.0 

Gases dried over phosphorus pentoxide. Gases wet over calcium chloride. 

19a Dry 15 120 8: 1 10 9.9 
19b Wet 15 120 8:l 10 5.9 
19c Dry 15 120 8: 1 10 7 .5  
19d Wet 15 120 8: 1 10 8.0 
19e flry 12 120 8: 1 10 7.0 
20a Dry 12 130 11:l 10 9.0 
20b Wet 12 130 1L:l 10 8 .7  
20c - . Dry 12 180 11:l 10 8 .7  

Gases dried over phosphorus pentoxide. Gases wet over ice. 

- A s  examk&ioti of the raults apparently indicates that when the lower 
pressure of water was used, the peroxide yield was very slightly increased 
over that obtained with dry gases. However, but little trust is to be 



placed in this conclusion, since the magnitude of the observed differences 
between the yields with wet and dry gases may be within the experimental 
error. Certainly with the higher concentration of water, no differences 
between the wet and dry runs are to be found, since the amounts of peroxide 
procured in the alternate runs agree well within the experimental deviation. 

A number of runs, in which two traps were placed in series to catch the 
products, were conducted using moist gases. In these experiments, only 
calcium chloride was used as a means for regulating the moisture content of 
the gas mixture. The amount of water which could be recovered from the 
moist gases was ascertained by making several blank runs. Such a de- 
termination was accomplished by weighing the water caught in the two 
traps, and also by observing the increase in weight of a small phosphorus 
pentoxide tube attached directly to the outlet from the reaction zone. 
The phosphorus pentoxide tube caught about 1 mg. more moisture than 
the total amount found in the two traps. This was not surprising in view 
of the fact, already shown, that two traps cannot catch all the product. 
The amount of water recovered was about that to be expected if 0.3 to 0.4 
mm. partial pressure of water existed in the gases. The results given in 
Table IV, experiments 12 to 22, are to be compared with those of Table 11, 
experiments 1 to 23, for the runs with the moist gases were alternated with 
those of the dry gases recorded in that table. In  Table IV, the amounts of 
moisture collected in the blank runs are also recorded, experiments 4 to 24. 

These results indicate very definitely that with 0.4 mm. of water vapor 
in the gases, the total hydrogen peroxide yield is not altered to an observ- 
able extent. Moreover, since the ratio Hz02 in No. 1/H202 in No. 2, is the 
same whether the gases be originally wet or dry, it is apparent that the 
presence of water does not affect the relative amounts of hydrogen peroxide 
caught in the two traps. This conclusion is also warranted by the fact 
that the percentage yields of hydrogen peroxide recorded in Table IV are 
identical for both traps. 

Finally, the work was repeated using the multiple trap. Here again, 
a study of the data of Table IV, experiments 36 to 43, together with those 
of Table 11, experiments 29 to 41, shows that moisture in the gases does not 
increase the yield of hydrogen peroxide nor alter the relative amounts of 
product caught in the respective traps. 

Using ice as the medium to supply the moisture some experiments were 
carried out with the quartz spiral set-up. Alternate runs with wet and 
dry gases were made, only the total amount of hydrogen peroxide formed 
being determined. I t  appeared that with this particular experimental 
arrangement, the total amount of peroxide was actually reduced more than 
40% by the presence of 4 mm. of water in the gases. We have no explana- 
tion for this result, but present it as further evidence that hydrogen perox- 
ide is decomposed during the course of the reaction. 



RUNS WITH MOIST GASES AND SPECIAL ARC 
Total rate of flow, I36 literslhr. Ratio Hz : 02 = 8  : 1. Time of run, 10 min. 

Y Total Ratio Ratio Average HIO in 
Products of reaction 

2 condensate, rng HPOZ, mg. HrOz, % incident gases, mg. Total, mg. 
Trap Trap in l Trap Trap Trap Trap Trap Trap Trap Trap HzOr, % 

No No. 1 No  2 Mg. in No. 2 No. 1 No. ? HrOrinNo. 2 No  1 No. 2 No. 1 No. 2 No. 1 No. 2 No  1 No. 2 

z 
2 Blank runs (arc off) 

4  6.0 1 . 3  
w 5  6.0 I I 

10 5 . 2  1 . 6  
q 15 6.8 1 . 8  

2 16 6 . 8  I .6 
j; I8 6.6 I .  7 
p 24 6 . 3  1 .9  
!a * 36 16.0 12.5 
8 37 18.7 13.4 
8 42 
PC 

19.0 14.3 
a 43 18.3 13 6 
k Blank runs (arc off) 

34 4.0 3 . 2  1 . 3  

m 35 5 . 1  3 . 4  1 .5  
f3 
4 

Double trap, experiments 4  to 24; multiple trap. experiments 34 to 43. 



Discussion of Results 
It is quite obvious that the original Haber mechanism is not capable of 

accounting for percentage yields of hydrogen peroxide of the order of 85%. 
Thus we can rule this out as gih-ing a complete description of the processes 
occurring in the reaction. It should be emphasized that the values of the 
percentage composition of peroxide in the products are minimum values. 
All experimental errors would tend to decrease it. For example, in weigh; 
ing the trap in which the products are condensed after drying a t  room 
temperature or above, then immersing it in liquid air and again weighing 
after allowing i t  to warm up and drying with a towel, it  would perhaps be 
expected that the weight in the latter case might be higher than the former 
due to condensation of moisture from the atmosphere. This would result 
in an apparent increased total weight of products and consequently a 
smaller observed percentage of peroxide. 

Any objection to these results based upon the supposition that the 
peroxide is caught preferentially and water allowed to go through the trap 
is ruled out by the facts that the same percentage of peroxide is found in 
subsequent traps as in the first and also that in moist gases the water is 
caught as well or better than peroxide. 

It is to be observed that, since we have been able to show the products of 
the reaction to consist of from 85-100010 hydrogen peroxide, as compared 
with the smaller percentage reported by Frankenburger and Klinkhardt, 
their quantum yield must have been higher than their calculations show. 
Most or all of the water reported by these authors in their products must 
result from subsequent decomposition of peroxide. This would mean that 
their quantum yield of peroxide is in reality a t  least 3 molecules per quan- 
tum. These authors did not report the water formed in their individual 
experiments. If, therefore, the two to one ratio of water to hydrogen 
peroxide, which they claim to be present in some runs, persisted in all their 
runs, then in reality they were obtaining average values of 3.6 and maxi- 
mum values up to 6 molecules per quantum. Such values would be in good 
agreement with those reported by Marshall. Furthermore, mercury is 
known to bring about decomposition of hydrogen peroxide? Indeed, 
we have actual proof that this occurs to some extent. When the products 
in the trap are first observed mercury appears as a black deposit. After 
warming and weighing this can be seen to have changed to the character- 
istic yellow of mercuric oxide. Due to these facts, together with the 
possibility of decomposition in the reaction zone, of which there is evidence 
in the appearance of mercuric oxide, the authors are inclined to the view 
that hydrogen peroxide is the sole primary product of the reaction. 

However, the suggestion of Frankenburger and Klinkhardt that the 
reaction 

(7) Elder and Ridenl, Trans. Paraday Soc., 28, 550 (1927). 
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HOs + HzO --+ H202 + OH (64 

might play a part in the reaction must be considered in some detail in order 
to see if this process will account for the high peroxide yields, even in dry 
gases. This suggestion may be formulated 

K1 H a  + Hz --+ H?O 4- OH ( 3 4  
Kn HOs + H20 --+ HzOz + OH ( 6 4  

Reaction (3a) gives rise to one molecule of water and one-half molecule of 
peroxide; reaction (6a) to three-halves molecules of peroxide. We may 
then write 

dividing, we obtain 

where [Hz001 is the initial water concentration, and [H20E] the final. 
Integrating, and taking the limits, we obtain 

where K = K1[H2]/Kz, and [Hz] is considered constant. 
If now we take the average values for [HzOz], [H20], and [Hz] as found 

from the data in Table 11, runs 2-23, and express them in mm., we find 
[Hz001 = 0, [H20E] = 0.122 mm., [Hz021 = 0.359 mm., [Hz] = 675 mm. 
These substituted in equation (A) give K = 0.144, or K2/K1 = 4700, 
which means that HOz would react at  least 4700 times as fast with H20 as 
with Hz, or that the activation energy of reaction (3a) would be some 5.0 
Cal. greater than reaction (6a), which is not at  all an impossible result, in 
spite of the fact that process (3a) is some 80 cal. more exothermic than (6a). 

However, if we now take the data from Table IV (runs 12-22) in which 
moist gases were studied and find the pressures of the reactants and re- 
sultants, we find [H200] = 0.360 mm., [H20E] = 0.482 mm., and [Hz021 = 
0.371 mm. as the average values. These give a K = 0.76, over five times 
the value determined in the dry gases, a diierence which is much larger 
than the experimental error, and indicates that water has no effect on the 
reaction. The above data used in the calculations of K2/K1 are those of our 
results which present the most favorable case for the Frankenburger 
mechanism. However, only about 75% of the total product was caught 
using the double trap, so the value of the partial pressure of Hz02 and Hz0 
used in the above calculations should be increased some 25%. This does 
not change to any great extent the value of K2/KI calculated for the dry 



gases, but makes the discrepancy between the constants in the dry and 
moist gases even more marked. This is shown by taking the data from 
Table 11, runs 31-41, and Table 111, runs 36 to 43, where, for the dry gases 
[Hz02] = 0.465 mm., [Hz001 = 0, [HzOE] = 0.164, whence K = 0.195; 
for the moist gases, [HzOz] = 0.405 mm., [Hz001 = 0.360 mm., [HZOE] = 

0.665, where K = 1.75. Thus K for the wet gases is some 9 times greater 
than K for the dry, which is somewhat greater than that obtained above. 
This can also be indicated from the fact that the amounts of hydrogen 
peroxide and water produced in the moist gases are practically the same as 
those in dry gases, in spite of the increase in water concentration, thus 
0.371 mm. as against 0.359 mm., and 0.482-0.360 = 0.122 mm. According 
to the value of K obtained from the dry gases, we should expect, if this 
were the true mechanism, that the water concentrations should have 
actually decreased in the moist gases experiments. This can be seen from 
the fact that a t  equilibrium 

[Hz1 KI = [Hz01 Kp 
[ H 2 0 ]  = [ K I ]  [Hz] /Kz  =: K = 0.144 

Therefore, starting with [Hz001 = 0.360, we should expect [HzOE] to lie 
between 0.360 and 0.143, instead of being greater than 0.360. Thus we 
can find no support for the Haber mechanism as modified by Franken- 
burger and Klinkhardt. 

The mechanism of Marshall and Taylor has been criticized by Franken- 
burger and Klinkhardt for two reasons. First, they object because i t  postu- 
lates the necessity of an association reaction 

H  + 0 2  -+ H02 (2) 

But this actually has no basis, since the other mechanisms have the same 
assumption. The three-body reaction is in reality two consecutive bi- 
molecular reactions, with the additional requirement that collision of the 
quasi-molecular association with its next reaction partner must come within 
its life-time, whatever that may be. The second criticism is that, if we 
assume that the two hydrogen atoms which add to oxygen each result in 
69 cal. of energy, the reaction 

HOz + Hp + Hz02 + H  - 31 (3) 
would be 31 calories endothermic. On the same basis the reaction 

HO2 + Hz0  -+ Hz02 + OH - 42 (Ga) 

would be 42 calories endothermic. 
A further objection that reaction (3) would never take place, because the 

hydrogen atom would react with the hydrogen peroxide to give the more 
exothermic result 

HOS + HZ + HZO + OH + 33 ( 3 4  
or 

H + 0 2 + H z ~ H z O + O H + 1 1 2  
instead of 

H  + 0 2  + HZ -+ Hz02 + H  + 38 
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is not justified. Reaction (3a) most probably requires a higher activation 
energy than reaction (3), because in general the activation energies of proc- 
esses involving a mutual interchange of partners and the breaking of two 
bonds are greater than those of simple replacement 

The calculation of the activation energy of the reaction OH + Hz --+ 
HzO + H from Frankenburger and Klinkhardt's data, used by them to 
support the validity of their assumptions, is of no value for two reasons. 
First, we have shown that it is possible to obtain very high peroxide 
percentages which would invalidate their results and second the value of 
this energy obtained from the data of Farkas, Haber and Harteck, and with 
which they found agreement, is now recognized as not being characteristic 
of this process a t  The present authors see no necessary connection 
between reactions in the gas phase and the cathodic formation of hydrogen 
peroxide at  a rate of one mole per mole of hydrogen ions liberated, which 
Frankenburger and Klinkhardt advance as support for their mechanism. 
However, even granting a correspondence between the cathodic and gas 
phase reactions, we can see no discrepancies between this equivalence and 
the mechanism postulated on page 110. 

The original mechanism of Taylor and Marshall meets with none of these 
difficulties and the authors are inclined to believe it to be the true one. 
Since this reaction scheme has chain characteristics, why are the quantum 
yields of both Marshall, and Frankenburger and Klinkhardt so low? This 
d5iculty can be met by a slightly modified mechanism. The heat of 
formation of hydrogen peroxide from H + H + 0 2  is 138 kilocalories. 
Assuming that this energy is divided equally between the two steps (2)  and 
(3), the complex HOz is endowed with 69 calories a t  the instant of its forma- 
tion. It is, therefore, an activated molecule, and may have an appreciable 
life. If its first collision after formation is with a hydrogen molecule, the 
reaction to give HzOz and H can easily take place, since the internal energy 
of the complex can overcome the endothermicity of the reaction step. 

A series of possible processes could be 

H + 0 2  --++ HOz' (2b) 
HOz' f Hz --+ Hz02 + H (3b) 
HOz' -I- Oe --t HOz + 0 2 '  (6) 

or HOz' + 0 2  -+ H + 202 (7) 
or HOZ' -+ H + 0 2  (8) 

NO* f HOz --t HzOz + 0 2  (9) 
H f H - H z  (4) 

(8) Haber and Oppenheimer, Z. physik. Chem., 16B, 443 (1932); unpublished workin this ~abora- 
tory; see Taylor and Salley, Tlrrs J o v R N a ,  66,96 11933). 



Such a mechanism involving activated complexes can explai~i the shortness 
of the chains a t  room temperature. Steps (6) and (8) indicate how the 
complex might be deactivated or disrupted; either process tends to g v e  (9) 
and (4) more chance to take place. Step (9) might very possibly occur 
predominantly as a wall reaction, since this reaction is neither exothermic 
nor endothermic, but may require an activation energy. Any part of the 
reaction which goes through step (9) gives rise to one molecule of peroxide 
per quantum. If hydrogen atoms recombine according to (4) there is no 
yield of peroxide. Both of these reactions would, therefore, tend to lower 
the observed quantum yield. 

These considerations have been based on the assumption of Franken- 
burger and Klinkhardt, that both hydrogen atoms adding to oxygen give the 
same energy. If, however, as is possible, the second hydrogen gives rise to 
a greater energy liberation, the endothermicity of reaction (3) is decreased. 
If the first hydrogen-oxygen bond were 38 cal. and the second 100 cal., re- 
action (3) would have no heat of reaction. This reaction would then occur 
on every collision if there were no activation energy involved. Considera- 
tions of this type, however, will lead us nowhere with our present lack of 
knowledge of the relative magnitude of these hydrogen-oxygen linkages. 

It must not be forgotten that in the mercury sensitized reaction, mercury 
hydride, HgH, may be playing a role. A possible mechanism would be 
as follows 

~ g '  + HZ -+ H ~ H  + H (la)  
HgH + 0 2  -+ HgO + OH (11) 

H + 0 2  -+ HOz (2) 
HOZ + HZ --, HZO + OH (3a) 
OH + OH --+ HZOZ ( 5 4  

H + H - - + H z  (4) 

For every quantum of light absorbed, one hydrogen peroxide molecule and 
one water molecule would be formed, leading to a yield of 65% by weight of 
peroxide. However, even this is lower than the observed 85% yield, and so 
cannot account completely for the observed results. If some hydrogen 
atoms recombined, the peroxide percentage might be increased. This, 
however, would give rise to a quantum yield even less than unity. Fur- 
ther, mercury atoms are known to absorb many quanta of light in passing 
through the reaction zone, which would be improbable if mercuric oxide 
were formed in the process. For several reasons, then, we can eliminate 
such a mechanism. 

The authors wish to thank Professor Hugh S. Taylor for his interest and 
valuable assistance in this work. 

Summary 

1. The yield of hydrogen peroxide from the mercury sensitized hydro- 
gen-oxygen reaction is greater than 85%. The water formed is ascribed in 
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the main to secondary peroxide decomposition. I t  is concluded that 
hydrogen peroxide is the sole product of the reaction significant as regards 
reaction mechanism. 

2. The yield of hydrogen peroxide is unaltered by the presence of water 
vapor in the gases. As a consequence, the reaction step 1t-I + 0 2  + H20 

= Hz02 + OR cannot be of any importance. 
3.  The Haber mechanism for the reaction of hydrogen atoms with 

oxygen molec~xles does not represent the only course of the reaction a t  
ordinary temperatures. Peroxide formation must occur not only by 
combination of 011 radicals but also by some other reaction. 

4. Possible reaction mechanisms consistent with the results have been 
discussed. 

PRINCETON, NEW JERSEY RECEIV~D JULY 19, 1932 
PUBLISHED JANUARY 11.1933 

Effect of Particle Size upon Intensity in x-Ray Spectroscopic 
Analysis 

In a limited number of elements,l a lower intensity of the La doublet 
has been observed when the element was in the form of a metallic powder 
rather than in that of a polished metallic plate or even in that of an  oxide. 
It persisted whether the crystal in the spectroscope was sodium chloride 
or aluminum oxide. No such difference was observed for the Ka doublet. 
As such irregularities are liable to introduce serious errors in applications 
of x-ray spectroscopy to quantitative analysis, the subject has been studied 
further. The conclusion is that they are a consequence of too large parti- 
cle size which brings about an abnormal absorption of the x-radiation 
emitted, particularly when it is in the longer wave length range. It is 
for this reason that it was first noticed in L radiation. The effect has 
been found to be present likewise in K radiation, though to a much less 
extent. It occurs under the experimental condition which generally 
holds-namely, that the emitted x-ray beam be examined a t  a different 
angle from that made by the exciting beam of electrons. 

x-Radiation is excited throughout a certain depth of material, depend- 
ing on the penetration of the electrons, and consequently encounters in 
its emission a corresponding amount of absorption by the material itself. 
If there are any irregular protrusions in the surface which lie in the path 
of the beam which is under observation, then the radiation is subjected 
to additional absorption as it passes through them. Such an effect should 

Fonda, THIS JOURNAL, 54, 115 (1932). 



be presented, for instance, by the surface of a powdered material whose 
particles are of sufficient size. I t  can be well demonstrated by examina- 
tion of the intensity from a grid formed by winding wires closely together 
with their turns touching. Such a grid was used as a target above the 
window of the cathode ray tube, placed vertically and operated as be- 
fore from a regulated dc. circuit a t  0.2 ma. and 86 kv. I t  was held a t  an 
angle of 20° to the axis of the tube and the intensity of the a! doublet in 
the radiation given off in a horizontal direction was measured with a 
Seemann spectroscope placed horizontally. The surface of the crystal 
in the spectroscope lay in a vertical plane. Measurements were first 
made with the grid so placed that the turns of wire lay in the axis of the 
spectroscope, a condition comparable to that of a smooth plate in that 
the surface irregularities formed by the grid wires were not interposed in 
the path of the x-ray beam. The intensity was, in fact, found to be the 
same as for a smooth plate within the limit of error. 

The grid was then placed with the turns of wire normal to the axis of 
the spectroscope. Here the conditions are altogether different as com- 
pared with the plate. The x-radiation excited on the side of a grid wire 
turned away from the spectroscope must pass first through the wire it- 
self and a portion of that formed on the side toward the spectroscope 
must pass through the adjoining wire. This represents a greater thick- 
ness of material than the radiation from a smooth plate is subjected to 
and the absorption will be correspondingly greater. The loss in intensity 
will become less only as the size of the wire is decreased, thus lessening 
the additional absorption, or as x-radiation is chosen of shorter wave length 
for which the absorption coefficient is consequently lower. 

Experiments were made with grids of molybdenum, copper and tung- 
sten. The results are given in Table I. As the interest lies in the inten- 
sity from the grid when placed normal to the axis of observation, the value 
of this term is expressed as the ratio which its intensity bears to that 
measured when the grid was parallel to the direction of observation. There 
are geometrical reasons for the increase in the intensity ratio observed 
for the grid with the larger tungsten wire. 

EFFECT OF GRID POSITION ON INTENSITY OF X-RADIATION 
Mo-Ka Cu-Ka W-La 

Wave length x-radiation, A. 0.708 1.537 1.473 
Absorption coeff. 200 540 2700 
Intensity ratio--51 p wire diam. 0.93 0.67 0.41 
Intensity r a t i d 2 7  p wire diam. 0.78 . . 0.53 

These results are in accord with the conclusion that surface irregulari- 
ties of whatever origin will lead to a loss in intensity by their interposi- 
tion in the path of the beam. Such a loss was observed, for instance, 



Jan., 1933 PARTICLE SIZE AND X-RAY SPECTROSCOPY 125 

in the L radiation of tungsten from a plate which had been roughened by 
sand blasting or even by etching. I t  is to be expected likewise from 
powdered material, in which its effect should increase with particle size 
and should be more pronounced for L radiation than for K because of the 
longer wave length of the former and the resulting higher values for the 
absorption co&cient. 

These expectations are supported by examinations of several materials 
in the powdered form. In all the sample was held at a 20' angle to the 
axis of the tube. This is important because otherwise the relative value 
of the absorption factors is changed and a still different order of the in- 
tensities will be found in the case of those substances which are affected 
by these factors. The particle size was determined for each sample in 
terms of the diameter by examination with the microscope. One hundred 
or more particles of each lot were measured and a distribution curve 
plotted. The average diameter was found always to coincide with the 
peak representing optimum distribution and is therefore the value em- 
ployed in the tables for the sake of brevity. All of the oxides experimented 
with had been prepared by chemical precipitation and are consequently 
so fine in size that no abnormal absorption effects could arise with them. 
They were frequently used as standards for calibration. 

The first group of substances examined included metal powders whose 
intensities were compared with those from the corresponding oxides in 
mixtures with a comparison element. The results in terms of normal 
intensity as unity are given in Table 11. 

In the case of tungsten some direct intensity measurements also were 
made. In them the intensity from powder whose particles were of 1 p 
size was found to be the same as that from a polished plate. Larger size 
particles gave reduced intensities. All the sizes investigated gave repro- 
ducible intensities denoting that even for the largest size a sufficient 
number of particles was involved to maintain the same average orienta- 
tion under different distribution. For still larger sizes it is to be presumed 
that the intensity would become irregular depending upon the chance 

Metal 

Sn 
Mo 
Cu 
Co 
Fe 
Pb 
W 
Sn 

Radiation, A. 
Ka-0 .489 
Ka-0.708 
Kff-1.537 
Ka-1.785 
Kayl. 932 
La-1.172 
La-1.473 
La-3.592 

TABLE I1 
POWDER AS DEPENDENT ON DIAMETER AND ABSORPTION 

COEFFICIENT 
--Intensity for particle sizes of 

Abs. coeff. 2811 12 # 81.4 4 8 2 8 1 P 

93 1.00 
200 1.00 
540 1.00 
560 1.00 
590 1 .00  

1380 0.70 
2710 0.41 0.60 1.00 

ca. 14000 0.60 



orientation of those particles which were within the area subjected to 
cathode ray bombardment. 

The second group comprised some crystalline sulfides whose brittle- 
ness allowed them to be ground up and graded by screening into different 
sizes. Intensity measurements were made directly under comparable 
conditions and Table 111 gives a comparison in terms of the intensity from 
the smooth face of a large, single crystal as unity. 

EFFECT OF PARTICLE SIZE ON INTENSITY OH' SULFIDES 
Abs. Intensity at  particle sizes of - 

Substance Radiation, b. coeff. g20 p 310 p 220 p 1609 61 9 4 p 2 

FeS Ka-1.932 550 0.32 0.52 0.64 0.76 0.76 1.00 1.00 
PbS La-1.172 1380 .50 .32 .48 .48 .50 0 .74  0.80 

This serves to demonstrate that the effect may become equally pro- 
nounced in the case of K radiation if the particles are of sufficient size. 
As the average particle size of powders that have been ground for analysis 
is generally below 4 p, it is apparent that irregularities are not apt to be 
encountered in K radiation but only in L. This was demonstrated further 
by the examination of some carbides. Columbium carbide a t  an average 
diameter of 5 p gave an intensity of the Kar doublet a t  0 . 7 4  A. that was 
normal for its columbium content. Tungsten carbide, however, a t  an 
average size of 2 p gave an intensity of its La doublet a t  1.473 A. that was 
only 81% normal. 

Finally a more complex case was examined of a tantalite containing a 
small percentage of columbium. A definite analysis was obtained by 
fusing the ore first and finally obtaining by a precipitation method a pure 
mixture of tantalum and columbium oxides which was complete and which 
proved from gravimetric measurements to comprise 66.4% of the ore. 
Spectroscopic analysis of the oxide, which was so finely divided as to be 
capable of avoiding error due to particle size, gave values of 93.8% Taz06 
and 7.1% Cbz05 corresponding to a content in the original ore of 62.3% 
Tad35 and 4.7% Cbz06. From these values it was possible to calculate 
what the normal intensity of tantalum and columbium radiation should 
be from the ore Table IV gives values for the observed intensity as de- 
termined from spectroscopic analysis of the ore a t  different particle sizes 
in terms of the normal intensity. In the case of tantalum, correction 
is made for the small absorption due to the presence of iron and manganese. 

Percentage of normal intensity 
Particle size Ta-La, % Cb-Ka, % 

9.5  11. 44.1 62.0 
4 .2  86.6 . . . 
2 5 98.6 100.0 
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Conclusion 
The intensity of a diffracted x-ray beam has been found to be decreased 

by surface irregularities of the target in proportion to their magnitude 
and to the coefficient of absorption of the target material for the wave 
lengtl~ involved. This effect was studied for grids of various size and 
powdered particles of metals and compounds of various diameter. For 
accuracy in quantitative chemical analysis based on x-ray spectroscopy 
attention must therefore be given to the fineness of the powdered sam- 
ples, more especially when La radiation is involved. 

SCHENECTADY, NEW YORK RECEIVED JULY 20, 1932 
PUBLISHED JANUARY 11, 1933 

Sodium-Lead Alloys. The Structure of the Compound Known 
as NaZb 

A number of recent investigations have shown that when copper, silver 
or gold is alloyed with cadmium, zinc, tin or aluminum, the same types of 
crystal structures often occur in each binary alloy even though the em- 
pirical formulas of the compounds differ. The type structure of any 
specific compound seems to depend upon the ratio between the number of 
atoms and the number of valence electrons in the rn~lecule.~ 

The behavior of binary alloys of these three metals is fairly consistent 
and i t  is of considerable interest to know whether similar relations hold for 
alloys in which the first group metal is an alkali metal. The only x-ray 
study of such alloys which has been reported is that for the lead rich end 
of the sodium-lead system, up to 32 atomic per cent. of ~ o d i u r n . ~  An 
extension of the data for this system is therefore desirable. The present 
paper presents an analysis of the crystal structure of the compound usually 
designated as N&Pb. 

Experimental Part 
The alloy was prepared by melting together in an iron crucible the theoretical quan- 

tities of sodium and lead, making due allowance for the evaporation of some sodium. 
Cooling curves showed the initial break a t  the melting point of the compound Na4Pb 
indicated in the equilibrium diagram.3 The alloy was annealed for sixty hours a t  280- 
300" in an atmosphere of argon. 

A Mueller tube and CuK, radiation were used for obtaining the diffraction patterns. 
The camera was essentially the Debye-Scherrer type tipped on edge so that  it rested on 
the curved surface instead of on the base of the cylinder. With this arrangement the 
specimen may be mounted a t  the center of curvature and kept covered with mineral oil 

(1) Westgren and Phragmen. Trans.  Foraday Soc , 26, 379 (1929). 
(2) Zintl and Harder, Z. pkysik. Chem., 154, 7 9  (1931). 
(3) Calingaert and Boesch. THIS JOURNAL. 45, 1901 (1923). 
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to prevent oxidation during the exposure. The x-ray beam is thus diffracted from the 
surface of a single piece of the alloy and good patterns may be obtained in a relatively 
short time. There are several obvious sources of error in this type of camera, but re- 
peated calibration with pure metals has demonstrated that the maximum error in the 
determination of the interplanar spacings is 0.5%, and in general the error is somewhat 
less. 

Complete diffraction data for the compound are listed in Table I. The 
values in column I1 are average values from four different films made from 
four different specimens of the alloy. 

TABLE I 
DIFFRACTION DATA FOR THE COMPOUND NaaPb (NallPb*) 

Int. Cm. Sins €3 dhkl h' + ka + 1 2  a0 

vs 3.96 0.0802 2.719 24 13.30 
m 4.23 .0914 2.547 27 13.25 
m 4.61 .lo71 2.353 32 13.30 
m 4.91 .I215 2.209 36 13.25 
w 5.70 .I609 1.920 48 13.30 
s 5.95 .I746 1.843 52 13.29 
s 6.23 .I887 1.772 56 13.27 
w 6.38 .I991 1.726 59 13.25 
s 7.08 .2410 1.569 72 13.30 
m 7.28 .2538 1.528 76 13.30 
vw 7.76 .2839 1.445 84 13.23 
s 8.35 .3233 1.354 96 13.28 
w 8.53 .3356 1.329 99 13.21 
w 8.74 .3505 1.301 104 13.28 
w 8.97 .3655 1.274 108 13.26 
m 9.46 .4003 1.217 120 13.31 
m 9.65 .4140 1.197 123 13.29 
w 9.86 .4287 1.176 128 13.30 
w 10.23 .4564 1.140 136 13.29 
w 10.54 .4791 1.112 144 13.33 
w 11.06 .5157 1.072 152 13.21 
m 11.93 .5782 1.013 171 13.25 
w 12.31 .6057 0.9894 180 13.27 
w 13.06 .6570 .9500 195 13.25 
w 14.23 .7347 .8983 216 13.21 
w 14.56 .7560 .8855 224 13.27 

AV. 13.27*0.035k. 

Discussion 
The analysis indicates a face-centered cubic lattice in which ao = 13.27 * 

0.035 A. The error indicated is 0.5%, the maximum error established by 
the calibration of the camera. It is evident that most of the values for a. 
are well within this limit. 

The structure of this phase suggests that i t  is analogous to the y-phase 
of the copper, silver and gold alloys. Of these, CusZn8, CusAlc and CullSns 
are typical examples. These are similar in that they have cubic structures 
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with large unit cells and in each the ratio of valence electrons to atoms is as 
2 1 :  13. They differ in detail. Thus Cu6Zns is body-centered cubic and 
contains 52 atoms in the unit cell;* CugAla is simple cubic and contains 
5249  atoms per unit cell;h Cw1Sn8 is face-centered cubic, containing 416 
atoms per unit In order that the number of molecules in a unit cell 
may be a whole number, Berna17 assigns the formula CuelSnll to this cop- 
per-tin phase. 

If it is assumed, as it was for the y-phase of the copper-tin system, that 
the more exact formula for the compound NsPb  is NaslPbs, then the 21 : 13 
value for the ratio of valence electrons to atoms is satisfied. The density 
of Na;clPbs has been determined as 3.31 at 25' and from this value the 
number of atoms in the unit cell has been calculated as 77.2. This is 
sufficiently close to 78 to indicate that there are two molecules in the unit 
cell. 

Another check is furnished by the data of Zintl.2 He has reported a 
face-centered cubic structure (Na2Pb6 and NadPbs), containing four atoms 
in the unit cell in which a0 = 4.872 - 4 . 8 8 3  A. The side of the unit cell 
of Na;clPbs is about 2.72 times as long as the above and the volume of 
NaslPbg is therefore twenty times that of the smaller cell. From these 
figures the number of atoms in the unit cell of NaslPbs has been calculated 
as 80, which agrees significantly with the value 77.2 determined from the 
density. 

We are grateful to Dr. G. Calingaert of the Ethyl Gasoline Corporation, 
who prepared the alloys for this study, and to Dr. G. L. Clark of this 
Department, who suggested a study of sodium-lead alloys. 

Summary 

Diffraction data for the compound usually designated as NarPb have 
been analyzed. The analysis indicates that the structure of this com- 
pound is face-centered cubic, with a~ = 13.27 * 0.035 a. There are 78 
atoms in the unit cell. I t  is apparently analogous to the familiar y-phase 
of copper, silver and gold alloys and its more exact formula is therefore 
NaslPb8. 

URBANA, ILLINOIS RECEIVED JULY 23, 1932 
PUBLISHED JANUARY 11, 1933 

(4) Bradley and Thewlis, Prot.  Roy. Soc., (London) Al12, 678 (1926). 
(5) Bradley, Phil. Mag., 6, 878 (1928). 
(6) Westgren and Phragmen, Z. anwg. allgem. Chem., 175, 80 (1928). 
(7) Bernal, Nature, 122, 54 (1928). 
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[CONTRIBUTIO~ FROM THE CHEMICAL LABORATORY. UNIVERSITY OF ILLINOIS] 

Atomic Chlorine and its Reaction with Hydrogen1 

BY W. H. RODEBUSH AND w. C. KLINGELHOEFER, JR. 

One of the most promising methods of studying the mechanism of gaseous 
reactions is the introduction of the various atomic species into the reaction 
mixture. The classical example of such a study is the work of Bonhoeffer 
on atomic hydr~gen .~  The most satisfactory method for the production of 
gaseous atoms is by the high frequency electrodeless discharge. If it is 
desired to pass the atoms into a reaction chamber, a too high frequency is 
disadvantageous because the discharge will travel along the tube and 
affect the reaction. The catalytic effects of walls, water, metals, etc., have 
been clearly demonstrated in the case of hydrogen atoms but it has been 
proved in this Laboratory that each species of atom is a law unto itself so 
far as these effects are concerned. 

The Production of Chlorine Atoms.-The thermal and photochemical 
dissociations of the chlorine molecule have been demonstrated by a number 
of observers but no one has produced any considerable amount of atoms by 
this method. The first attempt to produce chlorine atoms in this Labora- 
tory was made with a discharge between cooled copper electrodes in a long 
tube of the Wood type. The electrodes were not attacked and the dis- 
charge could be maintained over a considerable range of pressure but the 
gas was not dissociated. This type of apparatus was discarded in favor of 
the electrodeless discharge. 

Experimental 
Dissociation of Chlorine.-The apparatus is shown in Fig. 1. It consisted of a 

supply of chlorine, A, a bulb for the electrodeless discharge, E, a diffusion gage, H, liquid 
air trap, mercury vapor pump and oil pump. The chlorine, prepared from concentrated 
hydrochloric acid and potassium pennanganate, was washed with water, dried by sulfuric 
acid and liquefied in a bulb of about 30 cc. capacity by a mixture of dry ice and acetone. 
Moisture was kept out of the vent tube by means of a U-tube kept in the cold bath. 
The chlorine bulb was connected to the apparatus through a capillary which controlled 
the flow. The bulb was held at  a temperature of -80 ". 

The discharge was produced in a 200-cc. Pyrex bulb. The energizing circuit was 
connected as shown. A 2.5 k. v. a., 25,000 volt Thordarson transformer was used. The 
condenser D consisted of 14 plates, about 20 by 23 cm., separated by about 5 mm. of 
window glass, the whole being immersed in insulating oil. The spark gap, F, of about 
1 cm. width, had zinc electrodes about 3 cm. in diameter. The gap was mounted in a 
sound-proof box fitted with an air connection for cooling the electrodes and regulating 
the voltage drop. The coil, which was fitted closely to the bulb, was made in two parts 
of five turns each. I t  was carefully grounded near the center in order to reduce the 
stray discharge into the remainder of the apparatus. When this was properly done no 
discharge could be seen in a dark room at  more than about 5 cm. distance from the bulb. 

(1) A preliminary notice o f  this work has been published in the Proceedings of the National Academy 
of Sciences, 18, 531 (1932). 

( 2 )  Bonhoeffer, Z. physik. Chem., 113, 199 (1924). 
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A11 of the connections in the high frequency circuit were made with 3-rnm. copper tubing. 
The current in the primary of the transformer was usually about 15 amperes and was 
regulated by a series resistance, B. and the air flow at  the spark gap to give the best glow 
discharge. 

The diffusion gage H was used to detect the atoms produced. It was similar to 
the gage described by Wrede.3 I t  consisted of an orifice 0.1 mm. in diameter and gages 
for measuring the total and differential pressures. The orifice was made in a thin glass 
fiIm sealed on the end of a 5-mm. tube which extended into the gas stream a t  a point 
about 7 cm. from the discharge bulb. 
The film was made by blowing out a 
glass bubble until it was thin enough 
to show colors. I t  was sealed to the 
tube by heating the latter and stick- 
ing it into the glass bubble. The hole 
in the film was made by placing it 
between two needle points between 
which a spark was passed by means 
of an induction coil. The size of the 
hole was controlled by the energy of 

A 
the spark. The gages were of 5-mm. 
tubing and were filled with a heavy 
paraffin oil which was found to be un- 
affected by the chlorine. Gage J mea- 
sured the total pressure; I, the pres- = 
sure difference across the orifice. A 
cathetometer sensitive to 0.01 mm. 
was used to read the oil levels. The 
gage was compared to a McLeod gage 
using hydrogen in a static system. Fig. 1. 
A 1-mm. differential on the oil gage 
corresponded to 0 06 mm. of mercury. Thus a pressure difference of 0.0006 mm. of 
mercury could be detected. The diffusion gage required about two minutes to come to 
equilibrium after small pressure changes. 

The gages were kept in a bath of oil to reduce temperature variations. Oil vapors 
were kept out of the rest of the apparatus by means of the traps TI and Tz which were 
kept in a carbon dioxide-acetone mixture. At ikst the orifice chamber was cooled by an 
air blast, later it was placed in a thermostat. 

The glow discharge was obtained from very bw pressures up to about 1 mm. At the 
lower pressures the glow spread throughout the bulb and was of a bright greenish-blue 
color. The discharge would not start itself at  a pressure above about 0.6 mm., but 
once started, it continued to operate until an upper limit was reached a t  about 1 mm. 
At the higher pressures the discharge took on a ring form. 

The degree of dissociation measured by the diffusion gage increased with the chlorine 
flow. In the range of 5 to 10 cc. per minute generally used here this change was small. 
With chlorine pressures between 0.2 and 0.7 mm., the degree of dissociation varied be- 
tween about 0.08 and 0.18, tending to decrease at  the higher pressures. When the tem- 
perature of the orifice chamber and leads was varied from -80 to 100' the dissociation 
increased from 0.04 to 0.09. This change was probably due to the more rapid motion of 
the gas at  the higher temperature. 

After a few hours of operation the discharge bulb became coated with a white 

(3) Wrede, 2. Physik, 64, 51 (1929). 



deposit. After a longer time the connecting tubes showed a similar deposit. When the 
bulb was cooled by a blast of air less of this material formed. I t  was found to sublime 
slowly when heated to redness in air. I t  was insoluble in water and the common acids. 
The degree of dissociation did not change greatly with time, showing that the deposit 
had little activity for the recombination of chlorine atoms. 

Properties of Atomic Chlorine.-To obtain some information concern- 
ing the catalytic activity of materials for the combination of the atoms, 
the method which Bonhoeffer2 used with atomic hydrogen was chosen. 
The method consists of coating the materials on the bulb of a thermometer 
placed in the active gas and observing the temperature rise. The appa- 
ratus was similar to that used above, except that the Wrede gage was 
replaced by a tube to contain the thermometer. The bulb of the ther- 
mometer was directly in the gas stream about 7 cm. from the discharge 
bulb. The materials were either placed directly on the bulb or on a thin 
glass cap which fitted closely over it. The apparatus was cooled by an air 
blast. The results are shown in Table I. 

CATALYTIC ACTIVITY IN CHLORINE RECOMBINATION 

Maximum Maximum 
Material temperature, OC. Material temperature, OC 

Pyrex glass 30 
Ag foil 115f 
Cu foil 115f 
A1 foil 82 
Ni wire 120 
Platinized glass 35 

NaCI, fused 34 
KCl, fused 70 
AgCl, fused 91 
CaC12, fused 66 
CoC12, evap. 72 
Gas carbon 115f 

The silver and copper were rapidly attacked, forming an adherent layer 
of chloride. The aluminum and nickel showed no sign of attack. Sodium 
chloride, potassium chloride and platinum were erratic in behavior, some 
samples heated rapidly, others not a t  all. Their activity was always lost 
after running for some time. 

The pressure difference produced a t  the diffusion gage and the heating 
effect produced with some materials showed conclusively that we produced 
chlorine atoms and not more complex molecules. Since chlorine attacks 
silica at high temperatures to  produce silicon tetrachloride i t  is not sur- 
prising that the atoms attack glass a t  moderate temperatures. The 
products would of course be different. The deposit observed could not 
have been one of the normal chlorides of silicon or boron since these are 
quite volatile. 

The fact that the atoms can pass through a tube a t  a temperature much 
below the normal boiling point for the liquid is very unusual. Hydrogen, 
oxygen and nitrogen atoms are all condensed when passed into a liquid air 
trap, This difference in behavior may be due to the fact that these latter 
gases need a certain water content to prevent recombination while chlorine 



Jan., 1933 REACTION OF ATOMIC CHLORINE WITH HYDROGEN 133 

does not. If water had been required with chlorine the study of its reaction 
with hydrogen would have been made difficult if not impossible. 

The data obtained with catalysts for the recombination showed which 
materials should be avoided in order to reduce recombination, and which 
may be used to aid recombination. Thus silver was chosen for use in the 
diffusion gage and for stopping the reaction. Silver, copper, nickel, carbon 
and similar materials were carefully excluded from the rest of the apparatus. 

The recombination on glass, sodium chloride, potassium chloride and 
platinum was small, but the method was not sensitive enough t o  distinguish 
between them in activity. The initial activity observed with platinum, 
sodium chloride and potassium chloride may have been due t o  impurities 
which later volatilized. The low activity of platinum and sodium chloride 
agrees with the results of Senftleben and P01anyi.~ 

Silver should be a good material for detecting chlorine atoms in a molecu- 
lar ray or elsewhere. Their action on a thin mirror surface was particu- 
larly noticeable. The mirror remained bright on the glass side for several 
days when exposed to dry chlorine, but immediately turned white and 
translucent when treated with atomic chlorine. 

In view of the great catalytic activity of copper it seems remarkable that  
Jost and Sweitzer6 were able to pass activated chlorine through a copper 
capillary while Bodenstein and Taylora and others were unable t o  pass i t  
through glass capillaries a t  somewhat smaller velocities. 

The Reaction of Chlorine Atoms with Hydrogen.-The apparatus used 
is shown in Fig. 2. It consisted of a chlorine supply, A, a hydrogen leak, F, 
the discharge bulb, B, Wrede gage, C, with oil manometers G and H, 
reaction tube, D, and the sampling train of liquid air traps T g  to  TI^. 
Traps Ta, TI and Tlz were made with ground joints. 

The chlorine bulb was kept in a large Dewar half filled with ethyl acetate 
at its melting point. A metal tube was provided for cooling with liquid air. 
The mixture was thoroughly agitated by a screw stirrer. A toluene ther- 
mometer was used to  observe the temperature, which could be kept be- 
tween -83.5 and -84.0'. Mixtures of carbon dioxide with alcohol or 
acetone were found unsatisfactory as they became several degrees cooler 
when chlorine was used, due to the heat absorbed by vaporization. 

The hydrogen was taken from a commercial cylinder. It was bubbled 
through water into a gas buret which was used to measure the rate of flow. 
The flow was regulated by the capillary leak, F. Moisture was removed 
by trap T1 which was immersed in liquid air. 

The discharge bulb and coil circuit were of the same type as described 
above. The arrangement of the reaction tube and diffusion gage was 
changed with the different experiments and will be described later. They 

(4) Senftleben, Z. Physik,  32, 922 (1925); Polanyi and Bogdandy, Z. Electrochem., 33, 554 (1927). 
(5 )  Jost and Sweitzer, Z physik. Chem., 13B, 373 (1931). 
(6) Bodenstein and Taylor, 2. Electrochem., 22, 202 (1916). 



were placed in a small thermostat which was controlled to O.lO. A catalyst 
of silver foil was used in the gage for the recombination of chlorine atoms. 

The connection used to lead the chlorine into the reaction tube was 
adjusted to the chlorine flow to prevent the diffusion of hydrogen back into 
i t .  When the total pressure was about 0.4 mm. and the tube was small 
enough to cause a pressure drop of about 0.1 mm. between the discharge 
bulb and the reaction tube no diffusion took place. This was shown by the 
fact that the spectrum of the discharge was not changed when the hydrogen 
flow was started The degree of dissociation also remained the same. 
Since the discharge could not be maintained a t  a pressure much above 1 
mm. and the diffusion gage required a pressure of 0.5 mm. or less, the 
method was applicable only within the pressure range of 0.3 to 0.5 mm. 

Fig. 2. 

No sealing wax was used in the construction of the apparatus and the 
reaction mixture was protected from stopcock grease by liquid air traps. 

Samples of the products were taken by placing Dewar flasks of liquid air 
on the sampling traps. The time of sampling, which was usually five or 
ten minutes, was terminated by placing liquid air on the next trap to the 
left. Conditions could then be changed and another sample taken. 

When all the samples were taken, the discharge was turned off, and the 
pumps and hydrogen shut off. The samples were swept out one a t  a time 
through the sampling tubes after removing the liquid air from the corre- 
sponding traps. The chlorine and hydrogen chloride were absorbed in 
200 cc. of 5% potassium iodide solution. Several tests showed that this 
procedure removed all of the chlorine and hydrogen chloride from the trap. 
The air flowing from both sides prevented the diffusion of the chlorine or 
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hydrogen chloride into the other traps which were still cooled with liquid 
air. 

The samples were analyzed by titrating with 0.20 N sodium thiosulfate 
without an indicator, then with 0.10 N potassium hydroxide using methyl 
orange indicator. All of the solutions were made from conductivity water 
which was also used in rinsing. Numerous blank runs were made t o  check 
the neutrality of the solutions and of the chlorine. 

Extent of Reaction.-A reaction bulb of about 35 ce. volume was used. 
'l'he diffusion gage was sealed directly into one side of the reaction bulb. 
It was connected to the discharge bulb by 7 cm. of 4 mm. tubing bent 
twice a t  right angles. The dissociatioti was measured a t  the beginning of 
each run before the hydrogen flow was started. The reaction was probably 
not confined to the reaction bulb, but also took place in the connecting 
tubes to the sampling traps which were a t  room temperature. The results 
are shown in Table TI, the temperature given is that of the thermostat. 
The pressure was 0.4 mm. and the hydrogen flow 17.5 cc. per minute. 

TABLE I1 
EXTENT OF REACTION WITH HYDROGEN 

Temp., OC. CIS, cc./min. Dissociation Clr reacting, % 
0 7 . 0  0.20 52 

36 10.4 .20 97 
99 8 .8  .20 96 

0 7.5 .07 24 
25 7.9 .07 83 
50 8.4 .07 99 

It was observed that when the reaction bulb was not placed in the 
thermostat it became hot. The reaction then ran nearly to completion 
even with a very low degree of dissociation. 

When there was an excess of chlorine, the hydrogen was sometimes 
completely used up, as shown by the very slow pressure increase when the 
punlps were shut off. The results were the same when the room was 
darkened to prevent the occurrence of a photochemical reaction. Blank 
tests with hydrogen and chlorine, but with the discharge off, showed no 
hydrogen chloride formation in either a darkened or a light room. 

No reaction was observed when the current was not great enough to 
form a glow in the discharge bulb. With this arrangement a weak static 
discharge took place in the connecting tubes, but no dissociatiori could be 
detected by the gage. 

Effect of Oxygen.-The same apparatus was used except that  a bulb 
which had been silvered inside was placed after the reaction bulb. That i t  
stopped the reaction beyond this point was shown by the fact that  the silver 
was attacked only a t  the inlet. The hydrogen flow was 6.7 cc. per minute 
and a flow of 0.08 cc. per minute of oxygen was added to i t  by means of a 



capillary leak. The chlorine flow was about 9 cc. per minute. Its dis- 
sociation was measured before and after each run; the average was about 
0.04. Samples were taken with the oxygen flow on and then with it 
turned off. 

The average yields, expressed as percentage of the chlorine reacting, 
were: with oxygen 21% at  0" and 38% at  25"; without oxygen 25% a t  O0 
and 36% at 25O. 

Effect of Surface.-The effect of surface was studied using an empty 
Pyrex bulb of about 60 cc. volume, and the same bulb filled with short 
lengths of 4-mm. Pyrex tubing. The surface to volume ratio was changed 
from 2 to 10. The apparatus was thoroughly cleaned with hot Cr03.H2S04 
The diffusion gage was arranged as in Fig. 2 and the chlorine was mixed 
with the hydrogen just a t  the inlet to the bulb. The dissociation was 
measured for each sample and was about 0.10. 

The yields, calculated as the molecules of hydrogen chloride formed per 
chlorine atom introduced, were 3.1 and 5.0 a t  0 and 25" for the packed 
bulb, and 2.8 and 3.8 a t  0 and 25" for the empty bulb. 

Rate of Reaction.-The apparatus is shown in Fig. 2. The light of the 
discharge was screened off by the shield I. The connecting tube from B to  
C was a 6 cm. length of 6 mm. tubing, that from C to D was a 1.5 cm. 
length of 4 mm. tubing. The reaction tube D was about 1.3 cm. wide and 
8 cm. long and was calibrated from the inlet side. The system was made 
quite small in order to keep the amount of reaction small and the partial 
pressures of chlorine atoms and hydrogen nearly constant. 

The reaction was stopped at the desired time by a roll of silver foil about 
1 cm. wide shown a t  E. It caused all the atoms to recombine. A glass 
covered iron armature fastened to the silver foil made i t  possible to move it 
by means of a magnet and hence to vary the time of reaction. 

The pressure of the reacting mixture was measured by a McLeod gage 
with a ratio of 875 to 1. The dissociation was measured twice for each 
sample and the readings were averaged. The time required for the chlorine 
to pass from the discharge bulb to the reaction tube was about 0.015 second. 

Results.-When the silver foil was placed about 2 mm. from the inlet 
end of the reaction tube, the amount of reaction was very small. This 
showed that the foil was very effective in stopping the reaction and that no 
hydrogen was diffusing into the chlorine leads. 

The data for a typical run are given below 

Reaction volume. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 cc. 
Hydrogen flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.3  cc. per minute 
Pressure.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.340 mm. of mercury 
Time of sampling.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 minutes 
Reaction temperature. . . . . . . . . . . . . . . . . . . . . . . . . .  0.0 
Temperature of chlorine. . . . . . . . . . . . . . . . . . . . . . . . . .  - 83.5" 
Total pressure a t  diffusion gage. . . . . . . . . . . . . . . . . . .  7.00 mm. of oil 
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. . . . . . . . . . . . . . . .  Differential pressure across orifice. 
. . . . . . . . . . . . . . . . .  Degree of dissociation of chlorine. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  Thiosulfate titration. 
. . . . . . . . . . . . . . . . . . .  Potassium hydroxide titration.. 

Chlorine flow.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Per cent. of chlorine reacted. . . . . . . . . . . . . . . . . . . . . .  
Hydrogen chloride formed per C1 atom introduced. . 
Time of reaction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Number of collisions per C1 atom.. . . . . . . . . . . . . . . . .  
Probability for reaction. . . . . . . . . . . . . . . . . . . . . . . . . .  

0.40 mm. of oil 
0.11 
36.5 cc. of 0 20 N 
9.1 cc. per minute 
9 1 cc. per minute 
10.2 
0.92 
0.016 seconds 
30 X 103 
1 5 X 

The last two entries were calculated by the kinetic theory. The number 
of collisions, 2, which a molecule of type I (C1) makes with molecules of 
type I1 (Hz) per second is 

Na is the number of type I1 molecules in volume V, dl and & are the 
collision diameters, and ml and mz are the corresponding masses. The 
diameter of the chlorine atom is not known. The value given for argon 
(d = 2.97 X 10-8)7 was used. The value for hydrogen (d = 2.39 X 
was taken from the same source. 

The average number of collisions, Z', which a chlorine atom experienced 
while in the reaction tube is 

z' = z nvR/NT 

Where n is the total number of molecules per cc. in the reaction tube of 
volume VRI and NT is the total number of molecules entering the tube per 
second. 

It was assumed that the reactions involved were 
C1 + Hz = HCl + H (1) 
H + Clz = HCl + C1 (11) 

and that the rate of (11) was greater than the rate of (I). Thus each 
chlorine atom which reacted would form 2HC1. The ratio of HC1 formed 
to the C1 introduced was found by dividing the fraction of chlorine which 
reacted by the degree of dissociation. 

The probability, W, of a chlorine atom reacting with a hydrogen mole- 
cule on collision is 

W = (HCl/C1)/2Z' 

The results of the other rate measurements are shown in Table 111. 
The temperature is in degrees centigrade, pressure in mm. of mercury, 
and reaction volume in cc. The.values in the columns headed H2 and Cl2 
are the corresponding rates of flow in cc. at  N. T. P. per minute. The 
degree of dissociation of the chlorine (a) is given in column 6. Column 8 
gives the yield of HCI per chlorine atom calculated from the dissociation 

(7) "Treatise on Physical Chemistry," 2d ed., D. Van Nostrand Co., New York, 1931, p. 249. 
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and the amount of IICl formed. Column 9 gives the number of collisions 
(2') one chlorine atom had with hydrogen molecules in passing through the 
reaction tube. The probability (W) of a chlorine atom reacting with 
hydrogen on collision is given in column 10. 

TABLE I11 

RATE OF REACTION OF ATOMIC CHLORINE WITK HYDROGEN 

T e s t  T P  V Hz a Cln HCl/CI Z' X 10-a W X 105 

I 0.0 0.30 9.3 6.6 0 049 9 .8  0.57 21 1.4  
2 .0 .30 9 .3  6.6 042 10.1 .62 21 1.5 
3 . O  .30 9.7 6.6 .050 9.2 .62 24 1.3 
4 . O  .30 9.7 6.6 ,050 9.0 .64 26 1.2 
5 .0 .31 9.7 6.3 050 9.4 62 25 1.2 
6 .O .29 4.8 6.3 ,056 9.6 .23 10 1 .2  
7 . O  .28 4.8 6.3 .062 10.1 30 9.2 1.6 
8 .O .30 9.7 6.3 .065 10.0 .58 21 1.4 
9 25 .27 9.4 6.4 ,110 9.7 93 14 3.3 

10 25 .27 4.8 6.4 .I10 9.5 59 7.6 3.8 
11 25 .28 4.8 6.7 .070 9.7 47 8.5 2.8 
12 25 .30 9.7 6.7 .066 9.2 1.05 21 2.5 
13 25 .29 9.7 6.6 .090 9.7 0.78 18 2.2 
14 25 .28 9.7 6.6 .087 10.2 .75 I6 2.3 
15 0.0 .32 9.7 6.6 .048 9.7 .40 26 0.8 
16 .O .32 9.7 6.6 .051 9.0 .46 27 .8 
17 .O .34 10 6.3 ,110 9 .1  .92 30 1 .5  
18 .O .33 10 6.3 .I10 9.4 90 27 1.7 
19 25 .30 10 6.3 .20 8.2 1.43 21 3 . 4  
20 25 .31 5.0 6.4 .I14 9.4 0.55 10 2.8 
21 25 .32 5.0 6.4 .I06 9.7 .47 11 2.1 
22 0.0 .32 5.0 6.4 .077 10.7 .16 11 0.7 
23 . O  .31 5.0 6.4 .070 10.7 .15 11 .7 

The reaction tube was cleaned after test 12. A new reaction tube, orifice 
chamber and discharge bulb was placed in the apparatus before test 17. 

Following these tests a glass plate was placed before the silver catalyst. 
The clearance around the edge of the plate was about 0.5 mm. and its 
presence caused a pressure drop of about 0.2 mm. It should have pre- 
vented a lowering of the concentration of atomic chlorine by diffusion to 
the catalyst. The yield was somewhat higher, but since the pressure was 
uncertain, the collisions could not be calculated. 

A run was also made in which the hydrogen was saturated with water 
vapor a t  room temperature. There was slightly less reaction than with 
the dried gas. A maximum value for the water in the chlorine may be 
calculated from the vapor pressures. The vapor pressures of chlorine and 
ice a t  -SO0 are 58.7 mm. and 0.0004 mm., respectively. At the operating 
pressure this would give a partial pressure of water vapor of about lod6 
mm. Since the chlorine was dried before being liquefied this figure is 
probably much too higli. 
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Tile saturated hydrogen contained about 301, water vapor. This would 
give a partial pressure of water vapor of about O.OOX mni. in the reaction 
tube, a t  least 3000 times that in the dry gases. 

Discussion of the Chlorine-Hydrogen Reaction.-The reaction of 
chlorine wit11 hydrogen has been the subject of so many studies that  com- 
plete references cannot be given here.8 The original mechanism proposed 
by Nernst is a chain involving two steps 

C1 3. H2 = HCl f H (1) 
H f Clz = HCl + C1 (11) 

It has beer1 generally accepted that (2) takes place and that i t  is a rapid 
reaction Bodenstein has estimated a reaction probability of per 
collision for (2). Most of the discussion has centered around (1). The 
question concerning this step in the reaction apparently was raised by the 
work of Coehn and JungI9 who claimed that a trace of water was necessary 
for the photochemical reaction. I t  seemed necessary to  introduce water 
into the reaction mechanism somewhere and various proposals were made 
which involved replacing (1) by various complicated mechanisms. 

The experiments reported above prove conclusively that the reaction 
Cl + Hz = HCl f H 

does take place, a t  least a t  low pressures. 
The completeness of the reaction, when allowed to run in a fairly large 

volume, shows that a chain reaction takes place. The chains are short, 
due to the large number of chlorine atoms introduced compared t o  the total 
reacting mixture. This fact also accounts for the lack of any effect of light 
on the yields The number of atoms which could be formed by light ab- 
sorption under the experimental conditions would be very small compared 
to the number present . 

The negligible effect of additional surface of Pyrex glass was due to  its 
small activity for recombination of chlorine atoms. Since hydrogen atoms 
recombine rapidly on dry glass surfaces, this effect shows that  either the 
hydrogen atoms react very rapidly with chlorine or that their recombina- 
tion is prevented by a layer of chlorine adsorbed on the glass. 

The absence of an appreciable retardation of the reaction by oxygen was 
due to the shortness of the chains. Photochemical work has shown that 
the effect of oxygen is very great when the chains are long, but small when 
the chains are short. 

The largest source of error in measuring the rate of reaction was the 
recombination of the atoms on the walls. A clean glass surface was only 
slightly active, but the activity increased with the time of operation. 
This is shown in Table 111 by tests 9 to 14. The probability of reaction 
decreased from about 3.5 X to about 2.3 X A similar decrease 

(8) For recent references see Bodenstein, Trans. Paraday Soc., 27, 413 (1913); Kassel, "The Ki- 
netics of Homogeneous Gas Reactions," The Chemical Catalog Co , N e w  York, 1932 

(9) Coehn and Jung, Z. physik Chem., 110, 705 (1924) 



is shown by tests 17 to 23. When the reaction tube was kept a t  0' all the 
time the discharge was on, this change was slow. This indicates that some 
of the material which sublimed from the discharge bulb may have deposited 
on the walls and increased the atom recombination. 

At the lower temperature less of this material could have reached the 
reaction bulb because of better condensation in the lead tubes. 

Another possibility of error was the diffusion of the atoms to the silver 
catalyst. This would lower the concentration of chlorine atoms in the 
reacting mixture and make the probability of reaction too low. The 
experiment with the glass plate for preventing diffusion showed that this 
effect was not very large. Tests 5 to 12 show that the amount of reaction 
was nearly proportional to the reaction volume. If the diffusion had been 
rapid, the amount of reaction should have increased more rapidly than 
the reaction. 

The error in determining the degree of dissociation was about 5%. 
The rates of flow were known to about 2%. Titration errors of 5% are 
probable in the amount of hydrogen chloride formed. The total error for 
all measurements was about 10%. 

Allowing for the decrease of reaction with time, the most reasonable 
values for the probability of reaction on collision are 1.4 X a t  0' and 
3.3 X at 25'. The reaction was carried out under conditions in 
which practically the only moisture present was that coming from the 
glass, thus approaching the conditions of dryness obtained in the experi- 
ments of Coehn and J ~ n g . ~  The fact that no difference in the reaction was 
observed when moisture was present throws grave doubt upon their results 
and makes it unnecessary to speculate upon a mechanism involving the 
water molecule. This is in agreement with recent work by Bodenstein,lo 
who has been unable to confirm the previous work upon the necessity of 
moisture to the reaction 

Reaction Probability Calculated from the Results of Other Workers.- 
The photochemical rate of reaction experiment as ordinarily carried out 
a t  high pressures with constant illumination upon mixtures of hydrogen 
and chlorine is a measurement of average chain length only. Since the 
chain involves at  least two alternating mechanisms and the average chain 
length depends upon the competition of these mechanisms with others, 
such measurements do not give direct information of reaction probability, 
heat of activation or any other fundamental property of the reaction. 
By making a sufficient number of assumptions, however, a figure may be 
arrived at and calculations have been made by several. The figures 
obtained vary from to for the mechanism (I). The value arrived 
a t  by Bodensteinlo is in approximate agreement with our result. 

It must not be forgotten that in our calculation we assumed mechanism 
(10) Private communication. 
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(11) to be rapid so that two molecules of hydrogen chloride wiU be formed 
for each atom of chlorine. If this assumption were not true, the order of 
magnitude of the reaction probability would be unchanged. 

The Heat of Activation of the Reaction.-C1 + HZ = HCl + H (I). 
It was assumed formerly that an exothermic reaction of the type of (I) 
required no heat of activation. This assumption is certainly not correct. 
The above reaction is probably exothermic but so long as the heat of re- 
action is less than the heat of activation it is not of great importance what 
the sign of the former is. We shall assume that reaction may take place 
only when the relative velocity in collision exceeds a certain critical value. 
This is equivalent to assuming that the activation energy is entirely in the 
form of kinetic energy of translation. Even when the critical energy is 
exceeded it is not likely that a collision will always result in reaction. 
Hence we introduce a "steric" factor. The reaction probability f is there- 
fore given by an expression of the formll 

where K the steric factor is presumably independent of temperature. 
From the ratio of the reaction probabilities at  two temperatures we may 
calculate the value for the activation energy Eo. The average values 
obtained for the reaction probabilities at  0 and 2 5 O  give a value for Eo of 
6100 cal. The steric factor corresponding to this activation energy is 
0.08, but because of the uncertainty of the experimental results only the 
order of magnitude may be established. The value of Eo, on the other hand, 
would not vary by more than 1000-2000 calories for the different reasonable 
combinations of individual results at  the two temperatures. 

It is interesting to compare these results with estimates that have been 
made by others as to the heat of activation. Rollefson and Lindquisti2 
were led by a study of the photochemical reaction of iodine monochloride 
and hydrogen to postulate that only C1 atoms in the state react with 
molecular hydrogen. The ZP; state has an energy of about 2500 calories 
greater than the normal state. It would therefore be necessary to postu- 
late an additional critical energy of collision of about 3500 calories to bring 
about reaction. On account of the large number of collisions which a 
chlorine atom undergoes on the average before it reacts with a hydrogen 
molecule, it seems probable that statistical equilibrium would be established 
between the ZP$ and 2 ~ #  states SO that the same results should be ob- 
tained regardless of the original state of the chlorine atom. In  Rollefson 
and Lindquist's experiments apparently the chlorine atoms reacted with 
something else much more readily than with hydrogen. Their postulate 

(11) Ref. 7, p. 987. The expression given above assumes the total energy of collision to  be 
available for reaction. This is probably not a proper assumption but the value obtained for the heat 
of activation would not be greatly different in any case. The question will be discussed by one of the 
authors elsewhere. 

(12) Rollefson and Lindquist, THIS JOUKNAL, 52, 2793 (1930). 



that only the 2 ~ i  state reacts with hydrogen is therefore not required by 
the evidence. 

Eyring13 has calculated the heat of activation of reaction (I) from wave 
mechanics and obtains a value for Eo between 14,000 and 25,000 calories 
according to the assumptions. The agreement is perhaps as good as is to 
be anticipated. 

The authors wish to express their appreciation to Professor Bodenstein 
for his courtesy in communicating to them his recent experimental results. 

Summary 
The technique of preparing chlorine atoms has been developed. The 

conditions favoring recombination of chlorine atoms are not the same as for 
hydrogen atoms. 

When chlorine atoms are introduced into a hydrogen-chlorine mixture at 
low pressure a chain reaction is started which will run, under favorable 
conditions, until one of the gases is used up. Oxygen and water are without 
effect on this reaction and the simple mechanism proposed by Nernst is 
adequate to account for it. 

The reaction probability for the reaction C1 + I-I2 = HC1 + H (I) has 
been estimated to be 1.4 X per collision a t  0' and 3.3 X at 2 5 O .  
From the temperature coefficient a heat of activation of 6100 .t 1000 
calories is estimated. 

(13) Eyring, THIS JOURNAL, 63, 2537 (1931). 
URBANA, ILLINOIS RECEIVED JULY 25, 1932 
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The Photochemical Oxidation of Phosgene 

The direct photochemical oxidation of phosgene has never been reported 
in the literature. It was thought possible that the reaction might take 
place upon insolation with light of X < 2700 k., since Henril had found evi- 
dence of predissociation of phosgene beginning in this region. The primary 
act of absorption is believed2j3 to lead to the process 

COClz + hr COCl + C1 

in which the intermediate compound COCl is formed. This same interme- 
diate has been postulated in the mechanisms of Bodenstein, Lenher and Wag- 
ner4 and Lenher and Rollefson6 for the photochemical formation of phosgene. 

(1) Henri, Proc. Roy. Soc., (London) 4138, 178 (1930). 
(2) Almasy and Wagner-Jauregg, Noturwissenschaften, 19, 270 (1931). 
(3) Herzberg, Ergebnisse exakf. Naturwiss., 10, 207 (1931). 
(4) Bodenstein, Lenher and Wagner, 2. physik. Chem., 3B, 459 (1929) 
(5) Lenher and Rollefson, THIS JOURNAL. 63, 500 (1930). 
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The direct oxidation has been found to take place upon irradiation with 
ultraviolet light. Since there can be but little question as to  the direct 
formation of COCl in the primary process, a study of the reaction must 
be chiefly concerned with the subsequent processes itwolving the inter- 
mediate. Thus an entirely new point of attack on the mechanism of phos- 
gene photochemical reactions is afforded. 

Experimental 
The reaction vessels employed were of clear fused quartz, one a spherical bulb of 

about 200 cc. volumr, the other a cylindrical absorption cell 20 cm. long and 2 cm. in  
diameter. The cylindrical vessel was mounted on end and illuminated from a source 
parallel to the longitudinal axis The source of illumination was the full light of the 
quartz mercury arc. Two Cooper-IXewitt quartz arcs were used, the earlier work 
being done with a 110-volt arc while later a 220-volt arc giving greater intensity in  the  
ultraviolet was used. As the arc was run quite close to the reaction vessel, i t  was found 
necessary to  cool the latter during the work a t  room temperature. This was done by 
allowing water to  flow smoothly over the surface of the vessel. The temperature of the  
water never varied more than 2 over a rnn. For the work a t  90 and 200 ". a small elec- 
tric oven having a long narrow quartz window was used. Temperature was kept con- 
stant a t  90 * 2" and 200 * 3" by varying a slide wire resistance in series with the oven. 

The phosgene (Kahlhaum) was distilled directly into the line from a glass bomb 
after freezing the liquid by means of liquid air. The phosgene was then distilled 
through three reservoir traps in the line, the gas being allowed to bubble through the  
liquid. Finally, approximately the first and last thirds were pumped off, the middle 
third being collected in a reservoir trap which was always kept immersed in a Dewar 
fil!ed with ice water The liquid phosgene remained perfectly clear, showing no trace of 
discoloration. When the gas was needed, the liquid in the reservoir was allowed to 
vaporize into a three-liter bulb from which small amounts could be drawn. The  chlorine 
was prepared by heating anhydrous cupric chloride in the manner previously d e ~ c r i b e d . ~ , ~  
Oxygen was prepared electrolytically from potassiunl hydroxide solution, freed from 
hydrogen by passing over hot copper oxide, and dried in a storage tube containing mag- 
nesium perchlorate. 

The course of the reaction was followed by measuring the pressure increase with 
time. For the low pressure work a sulfuric acid (sp. gr. 1.84) manometer was used and 
later, with higher pressures, mercury was used as the manometer liquid, protected by  
3 or 4 cm. of sulfuric acid. Readings were taken with the arc off a t  intervals of fifteen 
to sixty minutes depending on the speed of the reaction. In  several of the runs, in  order 
to  check the pressure readings, the oxygen was measured by freezing out the other gases 
(phosgene, carbon dioxide and chlorine) with liquid air. 

Results 
In Fig. 1 log (COC12) is plotted against time for several runs. The 

straight lines obtained indicate that the rate of reaction is proportional to  
the first power of the phosgene concentration. 

The effect of incident light intensity was investigated by using various 
wire screens which had been previously calibrated by means of a thermo- 
pile. The results summarized in Fig. 2 show that the rate is proportional 

(6) Rollefson, THIS JOURNAL, 51, 770 (1929). 
(7) Loeh, Phys.  Rev., 35, 184 (1930). 



to the first power of the incident intensity. The intensity with no screen 
is taken as unity. 

0 100 200 300 400 500 
Time, hours. 

Fig. 1. 

At higher oxygen pressures, the rate was found to be independent of 
the oxygen concentration, while a t  lower pressures, the rate gradually fell 
off with decreasing oxygen. This suggested that the rate of reaction 
might be a function of the chlorine-oxygen ratio rather than of the oxygen 
concentration itself. In Fig. 3 the rate is plotted against the function 
1/(1 + k1(C12/02)) for the temperature, 90°. In each case such a value of 
kg was taken as would yield a straight line through the origin. 

0.2 0.4 0.6 0.8 1.0 
Intensity. 

Fig. 2. 

As has been pointed out8 k1 should be a definite function of the tempera- 
ture. The reaction was therefore studied at  three temperatures: 20, 90 
and 200'. The values of K' found corresponding to these temperatures 
are as follows 

(8) Rollefson, THIS JOURNAL. 66, 148 (1933). 
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Temp., OC. 20 90 200 
K' 0.17 0.38 1.00 

As an example of the data, the following values of the rate and the C4/02 
ratio may be given. These points are those obtained at 90' and are repre- 
sented gaphieally in Fig. 3. 

Rate 0.545 0.475 0.389 0.335 0.139 
Clz/Oa 0.134 0.565 1.28 2.18 9.89 

1/[1 + 0.4(c1z/os) I 0.95 0.81 0.66 0.53 0.22 

0 0.2 0.4 0.6 0.8 1.0 
1/11 + (K' Clz/Oz)l. 

Fig. 3. 

Discussion 

The data presented above indicate that the rate law for the oxida- 
tion of phosgene may be expressed by the equation 

or, showing more clearly the dependence on the chlorine-oxygen ratio 

d (COz) k l o  (COCL) - =  
d t 

This rate law may be very simply derived from the following rate 
mechanism 

COClz + hv + COCI + CI (1) 
COC1 + 0 2  -+ COa + C10 (2) 
COClt + C10 --+- C02 + Cl, + C1 (3) 
COCl + Cl, -+ COClr + C1 (4) 

i C1 + W - 1/2c1z + 1 (5a) 
C1 + C1 + Clz (5b) 

Assuming that the rate of change of (COCI) and (C10) is negligibly small 
compared to their rates of formation and reaction, we may write 
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(COC1) = Iab. - k2 (COCI) (OZ)  - k4 (COCI) ( C ~ Z )  = 0 d t ( 1 )  

do = kz (COCI) (02)  - ks (C10)  (COClz) = 0 
d t (11) 

The rate of oxidation is given by 

(C02) = kz (COCl) ( 0 2 )  + k3 (C10) (COC12) 
d t (111) 

According to I1 we may write 
k, (CIO) (COCb) = ka (COCl)(Oz) 

Substituting this expression in 111, we obtain 

From I we have 
ke (COCl) ( 0 2 )  + k4 (COCI) (Clz) = IBbs. 

COCl (kzOz + krCla) = I&.. 

(COCI) = lab". 
kz02 + k,Clz ( V )  

Substituting V in IV gives us 

Since the total amount of light absorbed is small, we may write 
labs. = I0 (cOc12) 

which reduces VI to the expression already obtained experimentally 

d (CO2) - 2 Io (COClz) (Oz) - kIo (COClz) (0%) -- - 
d t ( 0 2 )  + (kJkz) (Clz) ( 0 2 )  + k' (Clz) 

As (Cl) does not enter the derivation explicitly, it is immaterial which 
process (5a or b) leads to recombination. The rate mechanism is seen to 
lead to a quantum yield of 2, a point which is to be tested experimentally 
in the near f ~ t u r e . ~  

The manner in which oxygen and chlorine enter the rate law brings out 
once more the close analogy between a purely chemical process in which two 
reactants (Clz and 02) are in competition for a chemical intermediate 
(COCI) and the process of quenching of fluorescence. This similarity 
which holds even to the form of the mathematical expressions involved 
may be seen clearly in this case. Here, although we do not have fluores- 
cence, we may say that the COCl molecule has a definite life period with 
respect to its reaction with chlorine. If, however, we start with a definite 
chlorine pressure and vary the oxygen pressure, the number of COCl mole- 
cules formed which react with chlorine will decrease as the oxygen pressure 

(9) Experimental evidence obtained from a comparison with the phosgene sensitized formation 
of carbon dioxide which is very similar to the chlorine sensitized reaction indicates that the quantum 
yield cannot be greater than 10 and is probably of the order of magnitude of 2 or 3. This phosgene 
sensitized reaction is being investigated in this Laboratory and the results will be published in the near 
future. 
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increases in much the same manner that the intensity of fluorescence de- 
creases with increasing amount of foreign gas present. 

k' has been shown to be equal to the ratio k4/k2 and may thus be inter- 
preted as a measure of the relative reactivity of chlorine and oxygen with 
COC1. 'These two reactions (2 and 4) also appear in the mechanism pro- 
posed by Lenher and Rollefs~n.~ In some recent work, Rollefson8 has 
studied the relative amounts of carbon dioxide and phosgene produced by 
these two processes in the chlorine sensitized oxidation of carbon monoxide. 
In both this reaction and the direct oxidation, the same intermediate COCl 
is reached, though by entirely different processes. Likewise, in both re- 
actions, COCl is believed to react in the same manner with oxygen and 
chlorine. This parallelism between the two systems is emphasized by the 
plot in Fig. 2 of Rollefson's paper which shows that the relative efficiencies 
of oxygen and chlorine are the same for both reactions at  all temperatures. 
While it is possible that different intermediates might give the same ratio 
a t  one temperature, it is extremely improbable that the temperature coef- 
ficients would also be the same. Therefore we believe that the experiments 
presented here constitute a definite proof of the existence of COCl as an 
intermediate in the reactions discussed. 

Summary 

The direct photochemical oxidation of phosgene has been studied and the 
following rate law has been determined for the reaction 

A mechanism has been suggested for the reaction and the results have been 
correlated with the work of Lenher and Rollefson on the photochemical 
formation of phosgene and the chlorine sensitized oxidation of carbon 
monoxide. 

BERKELEY, CALIFORNIA 



The Photochemistry of Mixtures of Chlorine, Oxygen and 
Carbon Monoxide 

When mixtures of carbon monoxide, chlorine, and oxygen are illuminated 
with light which is absorbed by the chlorine, part of the carbon monoxide 
is changed to phosgene and part to carbon dioxide. At relatively high 
pressures of oxygen, carbon dioxide formation occurs almost exclusively, 
whereas at low oxygen pressures the phosgene formation is predominant. 
The action of oxygen in this system has been attributed to a reaction with 
the intermediate COC1.1*2 According to the mechanism of Lenher and 
Rollefson the COCl molecule may react either with chlorine or oxygen, the 
relative amounts of the two being determined by the specific rate constants 
for the reactions and the relative pressures of the two gases. In the original 
mechanism of Bodenstein, Lenher and Wagner it was postulated that only 
the oxygen reacted with the COCl and the latter compound was assumed 
to be in equilibrium with carbon monoxide and chlorine in the absence of 
oxygen but not in the presence of oxygen. Recent work from Bodenstein's 
laboratory3 indicates that they now accept the view held by Lenher and 
Rollefson that COCl reacts with both oxygen and chlorine, but they still 
retain the assumption of equilibrium in the absence of oxygen and a non- 
equilibrium state in the presence of oxygen. In order to have such condi- 
tions it is necessary that the rates of formation and decomposition of 
COCl be fast compared to the rate of reaction of COCl with chlorine and 
comparable with the rate of oxidation of COC1. It is the purpose of this 
paper to present experimental results which show that the specific rates 
for the reactions of COCl with chlorine and oxygen are of the same order 
of magnitude and therefore the postulates of Bodenstein and his students 
are invalid. 

The experimental procedure for determining the relative efficiency of 
reaction of chlorine and oxygen with COCl is suggested by a comparison 
with the most simple system of this type which we can find, namely, the 
quenching of fluorescence by the addition of gases. In that case we may 
represent the processes involved by the equations 

A * = A + h v  
A* + M = A + M + kinetic energy or A + M* + kinetic energy 

That is, we have the activated molecules, A, returning to the normal state 
with the emission of light or being deactivated by collision with some mole- 
cule M. The relative-amounts of these two processes are well known from 

(1) Lenher and Rollefson, Tars JOURNAL, 62, 500 (1930). 
(2) Bodenstein, Lenher and Wagner, Z. physik. Chem., B3, 459 (1929). 
(3) Schumacher and Stieger, ibid., 813, 157 (1931). 
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results in the literature. In the present case we do not have any fluores- 
cence, but we may speak of the COCl molecule as having a certain life 
period with respect to its reaction with chlorine. Now if we take a defi- 
nite pressure of chlorine and vary the pressure of the oxygen, the fraction 
of the total number of COG1 molecules formed that react with chlorine will 
decrease as the oxygen pressure increases, much as the intensity of fluores- 
cence is decreased by the addition of a foreign gas. To express this be- 
havior in terms of chemical equations, let us consider the reactions 

COCl + C1, = COClz + C1 (1) 
COCl + 0 2  = COz + C10 ( 2 )  

The rates of these reactions are given by 

-- a = kl (COCI) (C4) a t 
-- a (02) = kz (COCI) ( 0 2 )  

d t 

The fraction of the phosgene molecules reacting with oxygen is 

According to this equation the number of moles of oxygen reacting accord- 
ing to (2) will be equal to the number of moles of chlorine reacting ac- 
cording to (1) when kl(Cl2) is equal to kz(O2). Therefore if we determine 
the ratio of the pressures of chlorine and oxygen for which equal numbers of 
moles of these two gases react, we will have the ratio of the rate constants. 

The experimental technique involved is extremely simple, consisting of 
illuminating mixtures of chlorine, oxygen and carbon monoxide and deter- 
mining the extent of the two reactions from the pressure change a t  room 
temperature and also after freezing out the condensable gases with liquid 
air. In order to show how this is done, consider the two reactions 

Let Apl be the pressure change due to the first reaction and AP2 be that 
due to the second. The total pressure change is Ap = Apl + Ap2. One 
other equation involving Apl and Ap2 will suffice for the determination of 
these two quantities. To obtain this consider the changes in the sum of the 
carbon monoxide and 0 2  pressures which we shall represent by A(CO + 02). 

A(C0 02) = 3 A& + A& 
Combining this with our previous equation 

A f i ~  = '/2[A(cO + 0 2 )  - Afi] 
Afiz = Afi - Apl 

Since carbon dioxide, chlorine and phosgene all have very low vapor pres- 
sures at  liquid air temperatures the pressure measured when the reaction 



vessel is immersed in liquid air is that of the carbon monoxide and oxygen. 
'The value of A(C0 + 02) may be obtained by immersing the reaction vessel 
in liquid air before and after a period of illumination, reading the change in 
pressure, and calculating the value of A(C0 + 02) a t  room temperature by 
means of an experimentally determined factor. This factor varies slightly 
with temperature of the liquid air but was usually about 3.2. 
In Fig. 1 the values of AO2/(AO2 + ACl2) obtained a t  20° are plotted 

against the values of C&/02. From this curve we find that the number of 
moles of chlorine and oxygen reacting are equal when the chlorine pressure 
is 5.0 times that of the oxygen. In order to be certain that the relative 
amounts of the two reactions are a function solely of Cl2/0a, the partial 
pressures of the reactants were varied between the following limits (pres- 
stlres in cm. of sulfuric acid): carbon monoxide from 10 to 25, chlorine 

251 I I I I I 

0 2 4 6 8 
(az)/(02). 
Fig. 1. 

from 18 to 57, oxygen from 2.7 to 42. Regardless of the pressures used the 
points fall on the curve within the limits shown by the graph, thereby justi- 
fying the assumption that the relative amounts of chlorine and oxygen 
reacting are a function solely of the ratio of these two gases. 

If we carry out experiments of the same type a t  different temperatures 
the division between reactions (1) and (2) should vary, as the heats of acti- 
vation for the two reactions would normally be expected to be different. 
Such experiments have been carried out a t  89 and 130'. The results fall 
on the same type of curve as those at  20' but the values of Clz/Oz for 
which the rates of (1) and (2) are equal are 2.0 and 1.25, respectively. 
Such a trend shows that reaction (1) has a higher temperature coefficient 
and therefore a higher heat of activation than reaction (2). The dif- 
ference between the heats of activation may be calculated from a considera- 
tion of the relationship existing between the rate constant and temperature, 



R - se-Q'RT, where s is a factor involving the number oi collisions asid 
possibly some steric factor, and Q is the heat of activation. If we let 
the subscripts 1 and 2 refer to the reactions (1) and (2) we have 

!2 3 e-(Q,-Q*),RT 
k2 4 

'raking the logarithms of both sides 

Therefore if we plot the logarithms of the experimesitally determined values 
for kl/k2 against the reciprocal of the absolute temperature a straight line 
should be obtained. The slope of this line is - (Q1 - Qr)/R and the inter- 
cept on the In(kI/k2) axis is ln(sljsz.) Figure 2 shows such a plot of the 

data reported in this paper combined with that obtained by Rollefson and 
Montgomery4 using phosgene as a source of COC1. From the graph we 
find that Q1 - Q2 = 2880 cal. and In(sl/sz) = 3.16 or sl/sz = 24. These 
figures are taken from the line which represents the combined results of the 
two researches; if the line is drawn through the points obtained by the 
method reported in this paper a slightly higher result, 3200 cal., is obtained 
for Q1 - Qz and 38 for sl/sz. Due to the approximate methods of calcula- 
tion used in obtaining k ~ / k z  in the work of Rollefson and Montgomery the 
higher values given above are favored. Probably the best values are 3000 
=t 200 cal. for Q1 - Qz and 30 * 5 for sl/s2. 

The interpretation of the difference in the two heats of activation must 
await an explanation of the nature of such activation. The s values, how- 
ever, have been interpreted as collision numbers modified by a "steric" 
factor. In the case we are concerned with the difference in the number of 

(4) Rollefson and Montgomery, THIS JOURNAL, 66, 142 (1933) 



collisions of COCl with oxygen and with chlorine cannot be very great. 
Using the data for molecular diameters obtained from viscosity measure- 
ments i t  may be calculated that if the same pressures of the two gases were 
used there would be 1.45 times as many collisions with chlorine as with 
oxygen. After allowing for this effect we have a factor of approximately 
twenty for the so-called "steric" effects. This does not mean that there 
are twenty times as many geometrical arrangements of COCl and Clz 
which lead to reaction as there are of COCl and 02, but rather the probabil- 
ity of a rearrangement to give the products is twenty times as great in the 
former case as in the latter. This difference in probabilities may be due in 
part to geometrical considerations but must depend also on such factors 
as changes in electron spins and electron distribution. 

From the facts which have been presented we have a definite mechanism 
to account for the diminishing effect of oxygen as the temperature is raised. 
That COCl is an intermediate step in the formation both of carbon dioxide 
and phosgene seems very definitely established by the identity of the ratio 
of the rate constants obtained by the two methods of attack. Further- 
more, the results indicate that COz formation should not disappear entirely 
as the temperature is raised but should be small except in the presence of 
relatively high pressures of oxygen. From the magnitude of the ratios 
observed we see that at  equal pressures of oxygen and chlorine the rates of 
reaction with COCl never differ by more than a factor of approximately five 
in the temperature range from 20 to 200'. This means that we can never 
consider either reaction as negligible compared to the other under compar- 
able conditions and therefore Bodenstein's postulate that COCl is present-in 
its equilibrium concentration in the phosgene reaction and not in the sensi- 
tized carbon dioxide formation must be considered extremely questionable. 
A more quantitative discussion of the magnitude of the rates of the individ- 
ual steps in the mechanism must await the development of the mechanism 
for the chlorine sensitized photochemical formation of carbon dioxide. 

Summary 
An experimental investigation has been made of the relative amounts of 

carbon dioxide and phosgene formed when mixtures of carbon monoxide, 
chlorine and oxygen are illuminated with light absorbed by the chlorine. 
It has been shown that the relative amount of the two reactions is a func- 
tion solely of the ratio of chlorine to oxygen provided the temperature is 
kept constant. If the temperature is varied the logarithm of the ratio is 
a linear function of the reciprocal of the absolute temperature. These 
facts have been shown to be in accord with the assumption that the carbon 
dioxide and phosgene are formed by the reaction of an intermediate com- 
pound COCl with oxygen and chlorine, respectively. 

BERKELEY, CALIFORNIA RECEIVED JULY 26, 1932 
PUBLISHED JANUARY 11, 1933 
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[CONTRIBUIYON FROM THE CHEMICAL LABORATORY OF THE OHIO STATE UNIVERSITY] 

Heat Capacity Curves of the Simpler Gases. I. Heat 
Capacity, Entropy and Free Energy of Gaseous Nitric Oxide 

from Near Zero Absolute to 5000"K.l 

In carrying out various types of thermodynamic calculations, an accu- 
rate and assured knowledge of the heat capacities of the substances involved 
is often essential. Frequently, a t  least one of the constituents in such 
considerations is a gas and, due to inherent experimental difficulties, the 
literature is generally lacking in reliable values for the specific heats of 
gases.2 The latter observation is particularly true for data taken either a t  
very high or a t  very low temperatures. Yet, frequently, i t  is in these more 
extreme temperature regions that a more exact knowledge of the heat 
capacity curves assumes greatest interest and importance. 

Moreover, until quite recently no adequate quantitative theory had 
been proposed to account for the heat capacities of molecules containing 
more than one atom. The most useful guide had been the principle of the 
Equipartition of Energy, enunciated by B~ltzmann.~ This principle was 
derived by application of statistical methods to a c1asf:cal energy distribu- 
tion among the various degrees of freedom associated with the translational, 
rotational and vibrational motions of the molecules. For monatomic 
gases the Equipartition Principle yields correct specific heats,4 but its in- 
adequacy to account correctly for the magnitudes, as well as the variations, 
in the specific heats of more complex gases constituted one of the original 
arguments in favor of quantum theory. 

The approach to a correct solution of the more general problcni was 
made, independently, by Kemble5 and by R e i ~ h e . ~  These authors at- 
tempted to calculate the rotational portion of the heat capacity of hydrogen 
on the basis of what was then known concerning rotational quantization in 
molecules. By considering the diatomic molecule as a rigid rotator, 
Reiche obtained the well-known equation for CR, the molar rotational heat 
capacity, which takes the form7 

-- 

(1) Presented March 31, 1931, as part of the Symposium on "Applications of Quantum Theory to 
Chemistry," Indianapolis Meeting of the American Chemical Society. 

(2) The low temperature measurements on hydrogen, made by Cornish and Eastman [THIS 

JOURNAL, 50,627 (1928)J are a noteworthy exception. 
(3) Boltzmann. Silzb. Akad. Wiss. Wien., 58 (1861). 
(4) Except at high temperatures, where all monatomic gases will rise above the equipartition value 

due to electronic excitation. 
(5)  Kemble, Phys. Reo., 11, 156 (1918). 
(6) Reiche, Ann. Physik, 68, 657 (1919). 
(7) Here R is the molar gas constant; T, the absolute temperature; k, the gas constant per 

molecule: I, the moment of inertia; g, the statistical weight of the rotational state possessing the 
quantum number "m": and the summation is over all values of "m" from mnrinimum to m. 



h2 

where a = 8p21kT and Q = Zmpme-m4a 

There existed, at  that time, considerable uncertainty both with respect to 
the proper choice of statistical weights and with respect to the value of 
"m" for the lower limit of the summation. These uncertainties have since 
been removed both through the recent advances in the wave mechanics 
and through progress in the empirical analysis and interpretation of molecu- 
lar spectra. But working prior to these more recent developments, 
Reiche was limited by the dilemma of several alternative solutions for 
equation (I), which depended on the choice of values for "pm" and "m." 
Out of some five alternatives, one solution yielded a specific heat curve 
whose shape was in rough agreement with the experimental curve for 
hydrogen. As we now know, the agreement would have been much im- 
proved had account been taken of the, then unsuspected, dual nature of 
molecular hydr~gen.~ 

Urey
g 

applied Reiche's treatment to the rotational heat capacities of 
several diatomic and a few polyatomic molecules. l'his treatment still 
involved the assumed condition of rigid rotators but represented an im- 
provement through introduction of moments of inertia obtained from the 
molecular spectra. 

The use of quantum energies obtained directly from spectroscopic meas- 
urements was introduced by Hicks and Mitchelllo who, at  the suggestion 
of Tolman, dropped the assumption of rigid molecules and obtained an 
equation for the heat capacity of gaseous hydrogen chloride in terms of the 
relative energies of the individual rotation and vibration states. These 
were secured accurately from analysis of the fine structure of the vibration- 
rotation bands. This meant that the heat capacity probleni became one 
of summing up a series of terms rather than of integrating a general ex- 
pression. The former of these procedures has by far the advantage since 
i t  takes account of actually perturbing effects present in the energy terms 
which the more approximate equation does not give and cannot predict. 
Although not specifically considered in the paper of Hicks and Mitchell, 
their equation can be extended to cover such not uncommon influences as 
multiplet electronic states, missing or non-combining rotation levels, excita- 
tion of higher electronic terms, etc., by a more general choice of limits for 
the summations. 

At that time there was still some uncertainty as to the assignment of 
statistical weights (also referred to as "a priori" probabilities) and Hicks 
and Mitchell, unfortunately, made an incorrect assignment which led to 

(8) (a) Dennison. Proc. Roy. Soc. (London), A116, 483 (1927): (b) Gianque and Johnston, THIS 
JOURNAL, 50, 3221 (1928); (c) McClennan and MacCleod, Nature, 113, 152 (1929); (d) Bonhoe5er 
and Harteck, Silzb. preuss. Akad .  Wsss., 103 (1929): Nalurwissenschaften, 17, 182, 321 (1929); % 
ghysik. Chem., 4B, 113 (1929); (e) Eucken and Hiller, zbid., 4B, 142 (1929). 

(9) Urey, THIS JOURNAL, 46, 1445 (1923). 
(10) Hicks and Mitchell, zbid., 48, 1520 (1926). 



error in their calculations. The first correct calculation of the heat ca- 
pacity of a gas other than monatomic was made by H u t c h i ~ s o n ~ ~  who re- 
calculated the heat capacity of hydrogen chloride, with correct statistical 
weights, from 1 to 600°K. More recently, Giauque12 has followed this 
correct method in cornputing the heat capacity of hydrogen from near 
zero absolute to room temperature. 

Very reliable spectroscopic data are now available for substantially all 
of the common diatomic gases and for several of the unstable but important 
diatomic molecules which appear a t  intermediate stages in chemical reac- 
tions. In most instances the available data for diatomic molecules are 
so accurate that the heat capacities, for instance, can be calculated to  
several thousand degrees with uncertainties of only a few hundredths of 
a calorie per mole per degree. We do not feel that the same claims can 
be made, as yet, for the calculations pertaining to any tri- or polyatomic 
molecule. However, for a number of the simpler tri- and polyatomic 
molecules data from infra-red spectra in conjunction with Raman spectra 
permit fairly reliable approximate values to be calculated over temperatures 
a t  which the molecules are picking up their vibrational energy and, in a 
more limited number of cases, their rotational energy. 

The present paper is the first of a series in which we plan to compute the 
heat capacity curves, over comparatively wide ranges of temperature, for 
the common diatomic gases and for certain of the comparatively unstable 
diatomic molecules, such as OH. For several of the gases we will include 
computations of entropy13 and of free energy.IVn conjunction with 
stellar spectra, the computations a t  the higher temperatures should be of 
some assistance in the study of the physical conditions a t  the surfaces of 
certain of the stars. 

The series will include more approximate calculations for certain of the 
tri- and polyatomic gases for which comparatively reliable data are avail- 
able. We will hope to recalculate the latter when the status of the spectro- 
scopic data warrants the more exact treatment. 

The Heat Capacity Equation.-Three simply related quantities, inde- 
pendently summed, appear in the equation for heat capacity. For the 
sake of simplicity we will refer to these respective quantities as A ,  B and 
C. They are defined by the relationships : 

A = p, e - d k T ;  B = e, p, e-e , /kT C = E: p ,e -a , /kT 

Here "q" is the discrete energy, per molecule, for an individual quantum 
state; "Pi" the corresponding statistical weight; "en the base of the natural 
system of logarithms and "k" and " T  have the meanings previously as- 
signed. 

(11) Hutchisson, THIS JOURNAL, 60, 1895 (1928). 
(12) Giauque, ibid., 52, 4816 (1930). 
(13) Giauque and Wiebe, ibid., 50, 101 (1928). 
(14) Giauque, i b id . ,  52, 4808 (1930). 



In terms of these symbols the heat capacity equation takes the form 

where the sums are to be taken over all possible quantum states, including 
electronic or nuclear levels, which the molecule in question may assume. 
This equation gives the molar heat capacities, at  constant volume, arising 
from all sources excepting molecular dissociation or gas imperfection. 

The derivation of this important equation, in moderately simple steps, 
is repeated by Giauque.14 We wish here to emphasize the essential sim- 
plicity and rigor of the underlying derivation. In using equation (2) one 
is essentially performing the following steps: (1) counting the numbers of 
molecules present in each discrete quantum state by application of the 
Maxwell-Boltzmann distribution law; (2) obtaining the total energy con- 
tent of each quantum level by multiplying the number of molecules in each 
by their appropriate energies; (3) summing over all quantum levels to get 
the total energy per mole of gas; (4) repeating the calculation for a tempera- 
ture slightly higher and (5) from this computing the increase in total molar 
energy per unit increase in temperature. Steps (4) and (5) are, of course, 
actually combined in equation (2) which is the solution of a, differential 
equation. 

The Equations for Entropy and Free Energy.-The expression for 
entropy takes the form 

So - S," = 3 / 2 R I n T + R I n  V + 3 / 2 R I n  M +  Sf 

"So
0" is the entropy of the gas a t  the absolute zero and is to be taken as 

identically zero if the sums in the last term are taken over all existent 
quantum states of the molecule in question.8b.1s The first four terms to 
the right of the equation sign represent the entropy contribution arising 
from translational freedom16 and the last bracketed term, the entropy 
arising from internal degrees of freedom. "V" and "M" signify molal 
volume and molecular weight, respectively, and "Sf" is a term composed of 
universal constants17 and has the value of - 11.057 calories per degree per 
mole. 

The free energy equation takes the form 
(FO - E,")/T = 5/2  R  - ST - R In ZA (4) 

Here ''ST'' represents the translational contribution to entropy given by 
the first four terms to the right of the equation sign in equation (3) and 
"E:" represents the molal internal energy of the gas at  the absolute zero. 
It is indeterminate but the AE: appropriate to a given reaction may be 

(15) Johnston and Giauque. THIS JOURNAL, 61, 3194 (1929). 
(16) Sackur, Ann. Physik, 36, 958 (1911). 
(17) (a) Tetrode, Ann. Physik, 38, 434 (1912); (b) Ehrenfest and Trkal, Proc. Akad. Sci. Amslcr 

dam, 83, 162 (1920). 
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determined from thermochemical data or, in some cases, from spectro- 
scopic data. 

Like equation (2), equations (3) and (4) assume the gas to be in the hypo- 
thetical perfect state. This is indicated by the small circles above and to 
the right of the respective symbols. Suitable corrections for gas imperfec- 
tion may be applied when desirable. 

Spectroscopic Interpretation of Nitric Oxide.-The 0 band system of 
nitric oxide was discovered and photographed by E. P, Lewis.18 The fact 
that the bands occur in absorption shows that the ground level is the normal 
state of the molecule. A careful analysis of these bands was made by 
Jenkins, Barton and M~lliken, '~ who photographed and analyzed some 
two thousand lines in thirty-six bands, under high dispersion. This work 
was extended recently by Schmid, Koenig and Farka~,~O who added some 
thousand more lines and twenty-two more bands. The thorough work of 
the latter authors confirms in every detail the earlier analysis and energy 
assignments by Jenkins, Barton and Mulliken. 

A summary of the analysis of the bands, so far as it relates to  quantum 
assignments, has been published previously.15 We repeat here only those 
facts essential to the calculations by the use of equations (2), (3) and (4). 

The ground state of nitric oxide is a normal 211 state with a doublet sepa- 
ration of 124.4 em.-' (354 calories per mole). The A type doubling of the 
rotational levels is so small that it cannot be evaluated accurately and does 
not affect the specific heat values, except at  some small fraction of a degree 
absolute. Jenkins, Barton and Mulliken find that the vibrational energies, 
in the normal state, are quite accurately reproduced by the formulas 

For the 2111/, state, G = 1892 119 v - 14.4243 v 2 + 0.04021va - 0.001351 v4 (5a) 
For the *II3/ ,  state, 5 = 1891.976 v - 14.4543 v 2 + 0.04229 va - 0.001423 o4 (5b) 

where I; refers to the energy (in wave number units) in excess of the "zero 
point" energy held in the "v" = 0 state. The same authors find that the 
energies of the various rotation states for the 2111/, and zJ18/, forms of nitric 
oxide are satisfactorily reproduced by the formula 
F (J) = Const. + A(J + '/2) + B(J + l/2I2 + C(J f '/d3 + D(J + l/d4 (6) 
tvhere F(J) is the energy, in em.-I, of the rotational level characterized 
by a particular value of the quantum number J; the constant term repre- 
sents vibrational and electronic energy; and A, B, C and D are constants 
whose numerical values are given in Table I. 

The arrangement and spacings of the energy levels in nitric oxide, calcu- 
lated from equations 5 and 6, is shown diagrammatically in Fig. The 
separations of rotational levels in (b) and of the normal doublet levels in 
(c) are greatly exaggerated. 

(18) (a) Lewis, Phys.  Rev., [I] 18, 125 (1904): (b) Astrophys. J . ,  20, 49 (1904). 
(19) Jenkins, Barton and Mulliken, Phys. Rev., 30, 150 (1927). 
(20) Schmid, Koenig and Parkas, Z. Physik, 64, 84 (1930). 
(21) With slight modification. this figure is after Mulliken, Chem. Rev., 6, 524 (1929). 



TABLE I 
Electronic 

state A B C X lo8 V X 105 

0.0071 (1.6754 - 0.017830) 0.106 -0.506 
3 ,  * .0081 *0.0011 .064 * .I37 

.0070 (1.7239 - 0.018660) .010 - .871 
2&/, * .0121 *0.0015 * .069 * .I35 

Statistical weights appropriate to the various energy states are given by 
the expression 

= (2J + 1) (2il + 1) (262 + 1) (7) 

where J is the rotational quantum number associated with the state in 
question and the i's represent nuclear spins. For nitric oxide, with a nu- 
clear spin of one for nitrogen and zero for oxygen this equation reduces to 

= 3(2J + 1) ( 7 4  

The earlier uncertainty in respect to statistical weights has been entirely 
removed by the developments of the wave mechanics and the above re- 
lationship is now definitely established. The mystery formerly attached 

(a) Rotation levels. (b) Vibration-rotation levels. (c) Electronic levels 
and transitions. 

Fig. 1.-Energy level diagram of NO. 

to the significance of this important quantity has also been removed. The 
solution of the wave equation leads to the result that for each discrete value 
of J associated with a particular electronic state there exist (2J  + 1) 
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(2il + 1) (2i2 + 1) "eigen values'' which satisfy the equation. These can 
be interpreted, physically, as ( 2 J  + 1) (2il + 1) (2& $ 1) different states, 
nearly alike in energy and all having the same electronic, vibrational and 
rotational quantum numbers. While the physical meaning here ascribed 
to statistical weights is non-essential to the immediate solutions, which de- 
pend simply on correct numerical values of pi, this interpretation is es- 
sential to a clear conception of entropy in gases.'* 

The Heat Capacities.-Molar heat capacities of nitric oxide from 0.5 
to 5000°K. were computed by the use of equation (2) and are recorded in 
Table 11. This table is in terms of the 15O calorie and applies to nitric 
oxide in the hypothetical ideal gaseous condition. The tabulations repre- 
sent heat capacities a t  constant pressure and were obtained from C, by 
the addition of R calories. 

The relative energies of the various vibrational and rotational states of 
the molecule were calculated from equations (5a, b) and (6), and the energy 
of the 2118/2 state for which v = 0 and J = 3/2 was taken to be 129.55 em.-l 
higher than that of the 2111/, state for which v = 0 and J = 1/2. This cor- 
responds to an electronic coupling energy of 124.4 cm.-l computed from the 
band origins. Statistical weights were computed by equation (7a). All 
natural physical constants employed in the calculations were taken from 
the "International Critical  table^."^^ The molecular weight was taken to 
be 30.008.23 

Approximations Used in Obtaining the Higher Vibration Sums.-It 
was found possible to avoid much of the labor incident to the higher vibra- 
tion sums, without introducing appreciable inaccuracy, by the use of certain 
corrected approximations. As shown in Table I the rotational energies 
are influenced by the vibrational frequencies, so that the spacings between 
successive rotational levels are slightly less for states with high values of 

(22) "lnternational Critical Tables," Vol. I, p. 16. 
(23) "Thirty-Sixth Annual Report of the Committee on Atomic Weights," THIS JOURNAL. 62, 

$57 (1930). 
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the vibrational quantum number than for the lower vibrational states. 
However, these effects are comparatively small and, as a first approxima- 
tion, can be neglected. This is equivalent to making the assumption that 
B, + , is approximately equal to B,, or that for every rotational level in the 
vibration state with quantum number v there lies a corresponding rota- 
tional level in the state with quantum number (v + 1) whose energy is 
exactly (v", + , - F,) higher than the energy in the lower vibrational level. 
On the basis of this assumption i t  can easily be shown that the sums for the 
(v + 1) level are related to those of the v level by the following equations, 
in which the symbol "E," is used to replace the vibrational energy increment 
(:v+ 1 - ~ v )  

Zv +,A = e - co/kT ZJ ( 8 4  
Z,+IB = e-eo/kT Z,B +e,Z, + l A  (8b) 
Z,+,C = e-ev/kT Z,C+ %(22,+1B - ~ ~ . 2 ~ + ~ - 4 )  ( 8 ~ )  

% 1 1 %  % 
ZA ~orrec-  2 m Z B  ~ Z e c -  (zm) ZC ~orrec-  

v Summed Calcd. tion Summed Calcd. tion Summed Calcd. tion 
1582.80 
417.20 412.68 1.08 
112.26 111.03 1.09 
30.84 30.49 1 .11  

8.64 8 .55 1 .14 
2.47* 
0.72* 

.22* 

.07* 

.02* 

.01* 
. oo* 
. oo* 
. oo* 

2155 2 

720.54 
433.52 428.79 1.09 
181.20 179.21 1.10 

67.23 66.46 1.12 
23.66 23.39 1.14 
8.12* 
2.75* 
0.93* 

.31* 

. ll* 
.04* 
.01* 
. oo* 
. oo* 

1438.4 

Table I11 illustrates the application of these approximation equations 
to the computations at  2000°K. The columns headed "summed" give 
the values obtained by actual summing for the first five vibration states. 
The columns headed "calculated" give sums which were computed by equa- 
tions (8a, b and c) . The differences, in percentage, are listed in the columns 
headed "O/o correction." The near constancy in these corrections as a 
function of the vibration follows from the nearly linear dependence of the 
B constant (Table I) on the vibrational quantum number. The starred 
sums were computed by applying the appropriate percentage corrections 
to sums calculated by equations (8a, b, c). These correction factors were 
obtained by graphical extrapolations of the corrections evaluated em- 
pirically for the lower vibration states. 

The percentage corrections necessary to the calculations by equations 
(8a, b, c) were also studied as a function of temperature. The results are 
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shown in Table IV which compared the "summed" and "calculated" 
values for the v = 1 vibration level at four widely different temperatures 

1 
ZA 

T ,  OK. Summed Calcd. 

I t  is evident that the correction factors do not greatly change as func- 
tions either of the vibration or of the temperature. Accordingly, for all of 
the higher temperatures the rotation levels were summed only for the 
( V  = 0) levels of the two separate electronic states and the sums for the 
higher vibration levels were computed by equations (8a, b, c) in conjunc 
tion with the correction factors obtained by joint interpolation and extrapo- 
lation of the factors in Tables I11 and IV. At 1000, 2000, 3000 and 
4000' the summed values for vibration states which appear in Tables I11 
and IV were employed. In view of the rapid decrease of the sums as a 
function of the vibrational quantum number (cf. Table 111) it is apparent 
that no appreciable error was introduced by this treatment. 

Analysis and Interpretation of the Heat Capacity Curve.-The results 
are shown graphically in Figs. 2 and 3, in which open circles are used to , 

plot spectroscopic values and dark circles mark the less reliable experimen- 
tal values obtained by a calorimetric method,24 and by a velocity of sound 
method." These curves represent heat capacity in excess of that  associ- 
ated with translation and refer, in general, to heat capacity arising from 
rotation, from vibration and from electronic excitation. 

Figure 2 includes the temperature interval from about 1°K. to approxi- 
mately 5OK. over which gaseous nitric oxide takes up its rotational specific 
heat. There also appears, at  a little higher temperature, an  inflection 
which leads to a sharp maximum at about 75OK. This interesting maxi- 
mum, predicted by Witmer,26 shows clearly in Fig. 3 and results from the 
absorption of the coupling energy which separates the electronic levels 
of the molecule. This behavior, which relates to a component of the 
specific heat never considered in the Equipartition treatment, is typical 
of gases which, like nitric oxide, possess a multiple normal electronic state. 
The temperature at  which the maximum occurs and the extent of the in- 
terval over which the effect persists depends principally on the spacing of 

(24) Heuse, Ann. Physik, 69, 86 (1919). 
(25) Partington and Shilling, Phil. Mag., 45, 416 (1923). 
(26) Witmer, Phys. Reu.. 29, 918 (1927). 



the component levels. Figure 3 also shows the vibrational contribution to 
the heat capacity curve, which becomes effective a t  about 300°K. 

10 20 30 
T, OK. 

Fig. 2.-Heat capacity of gaseous nitric oxide (in excess of that due to 
translation). 

In order to analyze in more detail the separate behavior of these several 
components of the total specific heat we have computed heat capacities with 

T, O K .  

Fig. 3.-Heat capacity of gaseous nitric oxide (in excess of that due to 
translation): 0, spectroscopic; a, calorimetric (Heuse); /, velocity of 
sound (Partington and Shilling). 

certain groups of levels purposely omitted from the sums. By summing 
only the rotational series of the (er = 0) vibration state of the 2JIl,, molecules 
we obtained a hypothetical pure rotation curve from which are excluded 
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effects due to absorption of energy by either vibration or electronic excita- 
tion. This curve, which is identical with the total curve to about IsOK. 
and is within 0.01 calorie of rotational equipartition at 20°K., rises very 
gradually to a value which exceeds R by 0.05 calorie a t  5000°K. This 
small added specific heat represents energy absorbed by centrifugal stretch- 
ing a t  high speeds of molecular rotation. Although small in the case of 
nitric oxide, i t  typifies an effect present in all gases to a greater or less de- 
gree. Kemble arid Van VleckZ7 have shown that, in hydrogen a t  1350°K., 
the specific heat due to molecular stretching exceeds that arising from 
vibration. Another curve was computed by summing only the (v = 0) 
rotation series of both electronic states. This, as well as the pure rotation 
curve, is shown at  the bottom of Fig. 3. The differences between these 
curves represent specific heat arising from energy absorbed by molecules 
which pass from the 2111,, to the 211al, levels while the differences between the 
total curve and the (Rotation + Stretching + Coupling) curve repre- 
sent vibrational specific heat. At 5000°K. this equals 2.18 calories, which. 
exceeds vibrational equipartition by 0.19 calorie, and is still rising. This 
results from the anharmonic character of the molecular vibration and is 
typical of all actual molecules. Anharmonic oscillation of a vibrator, like 
stretching of a rotator, adds potential energy with a consequent gain in 
the capacity to absorb heat. This influence has been considered previously 
in connection with the vibrational heat capacity of solids.28 

A simple physical explanation of the heat capacity curve of nitric oxide 
can be given in terms of quantum theory by reference to the energy level 
diagrams of Fig. 1. At the absolute zero all of the molecules exist, under 
equilibrium conditions, in their state of lowest energy. This is the 21111, 
level with v = 0 and J = 1/2 and is shown as the bottom level in the dia- 
grams of Fig. l (a and b). Although the molecules perform internal oscil- 
lations due to retention of "zero point" vibrational energy, they are a t  rest 
with respect to translational motion. The immediate effect of a small in- 
crease in temperature is the appearance of kinetic ener,v associated with 
translational motion. This, in all probability, is not attained fully excited 
but rises rapidly to the equipartition value of 3/2 RTper mole a t  some small, 
undetermined fraction of a degree absolute. The gas thus acquires a 
molar translational specific heat, C,, of 2.98 calories per degree, which cor- 
responds to that of a monatomic gas and is represented by the base line of 
Fig. 2. At about 1°K. appreciable numbers of molecules begin to rise from 
the (J = 1/2) level to higher rotational levels in the same series, with con- 
sequent absorption of rotational energy. At 1°H. about 0.1 of 1% of all 
the molecules are in rotational levels above that for which J = 1/2. At 
5°K. approximately 20% have reached the (J = 3/2) level, nearly 2% are 

(27) Kemble and Van Vleck, Phys. Ree., 21, 653 (1923). 
(28) Rodebush, Taylor's "Treatise on Physical Chemistry," 2d ed , 1931, p. 1405. 



in the (J = 5!2) level and smaller numbers have attained higher rotational 
states. This redistribution toward rotational levels of higher energy 
continues above 5 ° K .  with a nearly uniform rate of energy absorption. 

Table V shows the temperature distribution of molecules between the 
levels associated with the 2111/, and 211al, isomeric forms. At 20°K. less than 
1 molecule in 2 5 , 0 0 0  possesses sufficient energy to attain the lowest %,/, 
level. The absorption of the 124 em.-l (353 calories per mole) coupling 
energy which accompanies the redistribution produces the electronic 
component of the specific heat. 

TABLE V 
PERCENTAGES OF MOLECULES IN THE 211~/z ELECTRONIC STATE 

T ,  O K .  % T, OK. % T ,  O K .  % T, O K .  % 
30 0.22 100 13.49 298.1 34.50 1000 44.81 
40 0.99 126 18.53 350 36.60 2000 47.15 
50 2.44 150 22.31 400 38.12 3000 48.0 
62.5 4.88 200 28.04 500 40.31 4000 48 4 
75 7.82 250 31.88 700 42.86 5000 48.6 

The position of the maximum corresponds to the temperature a t  which 
molecules are undergoing this electronic change at  the greatest rate. 

Table VI shows the distribution of molecules among the five lowest 
vibration states, as a function of the temperature. The and 21781, 
levels are combined in this tabulation, 

TABLE VI 
PERCENTAGE DISTRIBUTIONS AMONG VIBRATIONAL LEVELS 
298.1 350 400 600 600 700 800 900 1000 

0 99.99 99.95 99.88 99.53 98.86 97.83 96.47 94.88 93.11 
1 0.01 0.05 0.12 0.47 1.13 2.12 3.39 4.84 6.40 
2 0.00 0.00 0.00 0.00 0.01 0.05 0.13 0.26 0.46 
3 .OO . 00 .OO .OO .OO .OO .01 .02 .03 
4 .oo .oo .oo .oo .oo .oo .oo .oo . 00 

Higher .OO .00 .00 .OO .00 .00 .OO .OO .OO 

V 1125 1250 1500 1750 2000 2500 3000 4000 5000 

0 90.70 88.19 83.07 78.09 73.44 65.20 58.32 47.77 40.20 
1 8.40 10.37 13.98 16.99 19.36 22.48 24.06 24.66 23.73 
2 0.81 1.26 2.42 3.78 5.21 7.88 10.07 12.86 14.13 
3 .08 0.16 0.43 0.87 1.43 2.81 4.27 6.77 8.48 
4 .01 .02 .08 .21 0.40 1.02 1.83 3.61 5.13 

Higher .OO .OO .02 .06 .16 0.61 1.45 4.33 8.33 

At room temperature only 1 molecule in 1 0 , 0 0 0  has gained vibrational 
energy in excess of that which it possessed a t  the absolute zero.29 Above 

(29) Table XI1 of Ref. 14 is in error in so far as i t  applies to  vibration states higher in energy than 
those for which w = 0 (there identified by "n" = a/%) through an inadvertent error in the value used 
for the vibrational energy. This necessitates a correction in Snga I, which should read 50.35 E. U., as 
given in this paper. The error to which we refer in no wise affects the comparison of calorimetric and 
spectroscopic entropies at 121.36"K., or the important conclusions with respect to  the use of the 
Third Law of Thermodynamics. A typographical error also occurred on p. 3211 where brackets were 
omitted from the equation far SE + v + 8. 
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room temperature appreciable numbers of molecules acquire frequencies 
corresponding to higher overtones, with attendant increase in the rate of 
energy absorption. 
The Entropy of Nitric Oxide.-Table VII gives the entropy of nitric 

oxide calculated by equation (3) for temperatures ranging from 1 to 
5000°K. These values refer to the hypothetical ideal gaseous state a t  a 
pressure of 1 atmosphere and are expressed in calories per mole per degree. 

TABLE VII 
ENTROPY OF NITRIC OXIDE IN THE IDEAL GASEOUS STATE AT 1 ATMOSPHERE PRESSURE 

(Nuclear Spin Entropy Not Included) 
T ,  OK. So T ,  OK. So T .  OK. So T, OK. So 

1 10.617 75 40.028 400 52.449 1250 61.234 
5 20.672 100 42.267 500 54.062 1500 62.780 

10 25.477 125 43.978 600 55.408 1750 64.111 
20 30.295 150 45.350 700 56.573 2000 65.275 
30 33.145 200 47.473 800 57.607 2500 67.248 
40 35.227 250 49.088 900 58.474 3000 68.877 
50 36.896 298.1 50.350 1000 59.392 4000 71.481 
62.5 38.609 350 51.494 1125 60.356 5000 73.526 

In obtaining these values we have subtracted the multiplicity of 3 arising 
from the one unit of nuclear spin associated with the nitrogen nucleus. 
Hence, in order to obtain the total absolute entropy of nitric oxide the 
values in the above table must all be increased by R In 3(=2.18) entropy 
units. However, it is probable that for nitrogen, as for iodine,30 this 
entropy is carried by the nitrogen atom into its various chemical combina- 
tions and so cancels when one computes the entropy change which 
occurs in a reaction. For that reason we do not include i t  in the table, 
which gives the values that should be employed in thermodynamic calcu- 
lations involving nitric oxide gas. It is, of course, understood that these 
entropies are to be combined with entropies which likewise omit the nuclear 
spin entropy arising from the presence of nitrogen atoms. In all probabil- 
ity the nuclear spin entropy of nitrogen will be absent from the entropies 
obtained calorimetrically for nitrogen compounds. 

The usual method of getting the entropy of a chemical substance is by 

graphical or analytical integration of C, d In TI in which the lower limit 

of integration represents a temperature so low that the heat capacity ap- 
proaches zero asymptotically and so can be extrapolated to a negligible 
value with little error in the resulting area under the curve. Giauque and 
Johnstonsb and Johnston and Giauque15 have pointed out that reliable 
calorimetric information, alone, is sometimes insufficient to give the correct 
value of the entropy for use in thermodynamic calculations. An interest- 
ing illustration of this, which shows clearly the reason for the point in 

(30) Giauque, THIS JOURNAL, 63, 507 (1931). 
(31) Gibson and Heitler, 2. Physik, 49, 465 (1928). 



question, is provided in the computations for gaseous nitric oxide. We 
believe that the heat capacities which we have calculated represent the 
values which would be approached by accurate calorimetric determinations 
corrected for gaseous imperfection, and that if 100% accurate calorimetric 
measurements could be made on the hypothetical perfect gas down to, 
say, 1°K., the curves which we have shown would be reproduced. Such a 
curve could easily be extrapolated to a negligibly low value below 1°K. 
Yet if data so obtained were plotted against the natural logarithm of the 
temperature, thecorrect entropy values of Table VII would not be obtained. 
We show this in Table VIII which was obtained by graphical integration 
of the values recorded in Table 11. It will be observed that the graphical 
values lie under the exact equation (3) values by R In 4 (=2.76) entropy 
units. 

TABLE VIII 
"INCORRECT" E ~ R O P Y  OBTAINED GRAPHICALLY FROM THE HEAT CAPACITY CURVE 
T. OK. "So" T. OK. "So" T ,  O K .  "So" T, O K .  "So" 

1 7.87 20 27.54 298.1 47.58 2000 62.52 
5 17.91 50 34.14 500 51.30 3000 66.12 

10 22.73 100 39.51 1000 56.62 

The explanation, in this case, is quite simple. Up to the present we have 
referred to the lowest level of nitric oxide as the ( J  = 1/2) level of the 
(v = 0) vibration state of the molecule, and have represented this 
level by a single horizontal line in Fig. 1 (a and b). In reality this level 
itself consists of four very close component levels (we still exclude the 
influence of nuclear spin) among which the molecules are evenly divided 
a t  1°K., and even down to somewhat lower temperature. This multi- 
plicity is in consequence of two factors: (I) the double statistical weight 
of the (J = 1/2) rotational level by equation (7) which means, physically, 
two distinct quantum states of the molecule and (2), the doubling of the 
electronic level. This multiplicity did not contribute to the heat capacity 
curve above 1°K. because its effect was spent below this temperature, in 
much the same way that the 21T coupling energy had practically spent its 
effect below 500°K. At some temperature below 1°K., probably at  a 
few hundredths of a degree absolute, there should exist a very narrow, but 
possibly quite high, specific heat maximum which represents the equilib- 
rium transformation between the two A types of the molecules. The 
area under the C, vs. T curve, through this maximum, represents the small 
energy of transformation of half a mole of the lower energy modification 
into the higher energy form. In nitric oxide, this A coupling energy is too 
small for evaluation although sufficiently large to permit spectroscopic 
resolution of the doublets which comprise the higher rotation lines. The 
double weight of the ( J  = 1/2) level must also lead to a narrow maximum 
a t  a still lower temperature, due to the slight energy difference which must 
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arise between the two rotational forms as a result of the perturbing in- 
fluence of weak fields, such as the magnetic field of the earth. It is omis- 
sion of these effects, necessary to the complete heat capacity curve, that 
led to the incorrect values in Table VIII. The proper correction may read- 
ily be applied when there is recognition, as in this case, of the existence of 
the equimolar, four component mixture whose entropy of mixing is R In 4 
as given by the Second Law of Thermodynamics. 

Free Energy Values and the Degree of Dissociation.-In Table IX we 
give values of - (FO - E,")/T for gaseous nitric oxide a t  a pressure of 
one atmosphere. Underscored values were calculated by equation (4). 
The remainder were interpolated by a graphical method. 

75 32.747 1100 52.598 2900 60.285 
100 34.862 1125 52.766 3000 60.567 
125 36.520 1150 52.932 3100 60.841 
150 37.881 1200 53.259 3200 61.107 
200 40.029 1250 53.570 3300 61.365 
250 41.685 1300 53.871 3400 61.616 
298.1 42.985 1375 54.303 3500 61.860 
300 43.033 1400 54.442 3600 62.097 
350 44.163 1500 54.979 3700 62.328 
400 45.141 1600 55.483 3800 62.553 .- 
450 45.999 1700 55.960 3900 62.772 

46.769 500 - 1750 56.191 4000 62.986 
550 47.465 1800 56.413 4100 63.196 
600 48.100 1900 56.844 4200 63.401 
650 48.687 2000 57.255 4300 63.601 

700 49.228 2100 57.648 4400 63.796 
750 49.738 2200 58.024 4500 63.987 
800 50.214 2300 58 384 4600 64.174 

850 50.663 2400 58.730 4700 64.357 
900 51.088 2500 59.063 4800 64.537 

950 51.491 2600 59.385 4900 64.714 
1000 51.878 2700 59.695 5000 64.888 

1050 52.244 2800 59.995 

This table will find eventual application in a large number of reactions 
involving gaseous nitric oxide. Immediate application can be made to  
the equilibria involved in the decomposition of the gas into its elements. 
The more important of these equilibria is that between the gas and molecu- 
lar nitrogen and molecular oxygen, which forms the basis of the Birke- 
land-Eyde process for the fixation of atmospheric nitrogen. This equilib- 
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rium will be discussed by Giauque and Clayton in a paper soon to appear in 
THIS JOURNAL. A less important, but nevertheless interesting, equilibrium 
is that between molecular nitric oxide and nitrogen and oxygen atoms. 
Consider the reaction NO = N + 0. 

For this reaction 

The term in (FO - E ~ ) / T  for NO, is taken from Table IX; the cor- 
responding term for atomic oxygen is taken from the table prepared by 
Johnston and Walker;32 and that for atomic nitrogen is calculated by equa- 
tion (4) with 2A put equal to 

- 54,640 -82,070 4 + 10e - RT f 6 e -  RT 

The statistical weights and the energies appropriate to the latter expression 
are derived from consideration of the spectrum of the neutral nitrogen atom, 
which has been worked out by Compton and ~ o ~ c e . ~ ~  A?3: is the heat 
of dissociation at the absolute zero and is identical with the spectroscopic 
"heat of dissociation" into normal atoms. This quantity is not known for 
nitric oxide with any high degree of accuracy. Hence we can calculate, at 
present, only the order of magnitude of the dissociation. Taking AE: 
to  be 142,000 calories per mole, which M ~ l l i k e n ~ ~  estimates as correct to 
within 5000 to 15,000 calories, we obtain the figures in Table X. 

The equilibrium constant K was obtained from the thermodynamic re- 
lationship AFO = - RT In K and the degree of dissociation, a, was com- 
puted from the relationship cu = ~ / K / ( K  + P), withPput equal to 1. Al- 
though we must regard these figures as correct only in the order of magni- 
tude, they serve to indicate the relatively high stability of nitric oxide 
with respect to dissociation into atoms. The instability which attaches to 
nitric oxide at  moderate temperatures exists in virtue of the unusually 
high stability of the nitrogen molecule, favoring dissociation in that direc- 
tion, and is not due to any intrinsic instability of the NO molecule. 

(32) Johnston and Walker, THIS JOURNAL, 55, 187 (1933). 
(33) Compton and Boyce, Phys. Rev., 33,145 (1929). 
(34) Mulliken, Chem. Rev., 9, 347 (1932). 



Jan., 1933 

Evaluation of the Limits of Error.-Except for small uncertainties in 
the physical constants employed, which influence the final figures to an 
almost negligible degree (this uncertainty may influence the values in 
Tables VII and IX by as much as 0.01 calorie; the influence on heat 
capacities would be only about one-tenth of this), the extent to which values 
in the preceding tables may be in error is determined by the accuracy of 
the spectroscopic data or, more properly, of the equations for the vibra- 
tional and rotational energies (Equations (5a, b), 6). Below 1000°K. 
substantially all of the terms needed in accurately evaluating the several 
sums lie within the range of energies covered by spectroscopic observations 
which the energy equations accurately reproduced. Even a t  5000°K. 
the several higher vibration levels which made appreciable contributions 
to the sums were almost entirely represented in the observed bands. 
Thus only 0.07% of ZA, 0.37% of ZB and 1.21% of BC were contributed by 
vibration levels which represented extrapolations of energies by the ac- 
curate equations (5a, b). A considerably larger fraction of the rotational 
sums was contributed, at the higher temperatures, by rotational terms 
whose energies lay beyond the spectroscopic observations. This is illus- 
trated in Table XI which shows: (1) the total number of rotational terms 
summed in the 2111/, (v = 0) vibrational level, and (2) the number of those 

Totat Terms contributing 90% of the respective sums 
T, OK. (all st~rnsl Z A ZB ZC 

1000 81 30 40 55 
2000 168 55 65 75 
5000 200 70 90 115 

terms, starting with the (J = 1/2) term, which contributed 90% of the 
totals to the respective sums. The actual spectroscopic data covered the 
first 32 rotational terms. I t  was thus necessary, at these higher tempera- 
tures, to employ equation (6) to compute the energies of many rotational 
terms which represent an extrapolation beyond those observed experi- 
mentally. However, this does not constitute a serious source of error 
since the equation of Jenkins, Barton and Mulliken will certainly give the 
first several extrapolated energies with considerable accuracy and since 
the higher extrapolations, which may be relatively inaccurate for purposes 
of spectro~copy,~~ involve terms with energies so large that the same degree 
of accuracy is not essential in their evaluation. Indeed, for an equation 
which will faithfully reproduce the first thirty-two terms in the rotational 
series, the increase in the error on passing from term to term in the high 
rotational extrapolations will probably be more than offset by the dwind- 

(35) Cf. Kemble, Phys. Rev., 30, 387 (1927). for a form of rotational energy equation more appro- 
priate to the type of electronic binding present in NO. 



ling importance of the successive terms. Accordingly, we believe that we 
can make a fair estimate of the extent to which the calculated data are in 
error by considering the probable errors assigned to the constants in their 
rotational energy equation, by Jenkins, Barton and Mulliken. These 
were given in Table I. In computing the error which may exist in the 
values in our tables we assumed the case most unfavorable to ourselves, 
namely, that the probable errors to the several constants in equation (6) 
were all present at  full value and of such sign that they were all additive. 
This is a rather extreme assumption and the tables are probably somewhat 
more accurate than indicated by the errors which we compute. 

T, OK. 

Fig. 4.-Probable errors in the spectroscopic values of C,", of So and of 
( ( F O -  Eo")/T) for nitric oxide. 

In  making the actual computations of the probable error we employed a 
method which is an extended form of that used by Hutchisson.ll This 
depends on the recognition that a certain percentage error in ei is equiva- 
lent to the same percentage error (of opposite sign) in T, since T appears 
under Q in all of the equations which we employ in evaluating the sums. 
By plotting the respective sums against T, on a large-scale graph, it is thus 
possible to estimate the needful corrections for a small correction in 6.  

For hydrogen chloride at low temperatures Hutchisson needed to consider 
the probable error only in the B constant of the rotational energy equation 
and so could assume a constant percentage error to apply to all of the energy 
terms which make up a given sum. With nitric oxide at  high temperatures 
the influence of the different rotational constants produced a variable 
effect on the energies of the various rotational terms. I t  was thus neces- 
sary to use a weighted average for the percentage probable error of the 
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temperature term for the sums. We accomplished this by dividing the 
rotational terms into successive groups of ten; computing the average per- 
centage error in the energies of the ten terms composing a group; and com- 
puting a weighted mean by considering separately the proportional con- 
tributions of the several decimal groups to 2's A, B and C in turn. The 
heat capacity, entropy and free energy were then recalculated from these 
"corrected" sums and the divergences were noted. This procedure was 
followed for temperatures of 500, 1000, 1500, 2000, 2500, 3000, 4000 and 
5000'. The results are shown graphically in Fig. 4 in which separate 
curves are drawn to represent the probable errors in the various tables. 
It is noteworthy that even a t  5000°K. the probable errors in none of these 
quantities exceed 0.03 calorie while a t  500°K. the errors do not exceed 
0.005 calorie. 

We wish to acknowledge a grant from the National Research Council, 
which has been applied to the purchase of an electric computing machine 
to aid in the subsequent investigations in this series. 

Summary 

The importance of accurate values for gaseous specific heats has been 
stressed and attention has been called to the present unreliability of experi- 
mental values. 

Equations based on quantum theory, which permit accurate calculation 
of heat capacity, entropy and "free energy," have been discussed. 

The heat capacity of nitric oxide in the ideal gaseous state has been calcu- 
lated for the temperature range 0.5 to 5000°K. The heat capacity curve 
shows a sharp rise between approximately 1 and 5OK., which represents 
the attainment of rotational equipartition; a maximum a t  about 75OK., 
which results from excitation to the upper level of the normal 211 electronic 
state of the molecule; and a vibrational component which starts a t  about 
300°K. and attains the equipartition value a t  about 3000°K. At high 
temperatures the rotational component of the specific heat exceeds the 
equipartition value, due to centrifugal stretching of the molecule, and the 
vibrational component exceeds R calories, due to the anharmonic character 
of the oscillations. 

Tables are included which show the temperature distributions of nitric 
oxide molecules between the electronic levels of the normal doublet and 
between the various vibrational levels. 

The entropy has been calculated and tabulated for temperatures from 1 
to 5000°K. The fact that heat capacity data alone are sometimes insuf- 
ficient to give the full entropy is reaffirmed. 

The "free energy," as represented by the quantity - (FO - E ~ ) / T  has 
been calculated from 75 to 5000°K. and tabulated in a fashion that permits 
easy interpolation. 



Approximate values are given for the degree of dissociation into atoms, 
a t  one thousand degree intervals. The approximate character of the com- 
putations results from present uncertainty in the heat of dissociation. The 
computations show that nitric oxide is intrinsically stable with respect to 
dissociation into its atoms at  moderate temperatures. 

Certain corrected approximations which permit reliable computations 
of the higher vibrational sums with a considerable saving in labor are dis- 
cussed. 

The probable errors of the heat capacity, entropy and "free energy" 
calciulations are determined. For each of the three quantities they amount 
to only about 0.03 calorie per mole per degree a t  5000°K. and to less than 
0.005 calorie per mole per degree at  500°K. 

COLUMBUS, OHIO RECENED JULY 28, 1932 
PUBLISHED JANUARY 11, 1933 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE OHIO STATE UNIVERSITY] 

Heat Capacity Curves of the Simpler Gases. 11. Heat 
Capacity, Entropy and Free Energy of Gaseous Oxygen from 

Near Zero Absolute to 5000"K.l 

The chemical importance of oxygen lends particular interest to the 
evaluation of its heat capacity, entropy and free energy. From a theoreti- 
cal standpoint the heat capacity curve possesses added interest due to the 
multiple nature of the normal electronic level, the absence of alternate ro- 
tational states and the comparatively low energy of some of the excited 
electronic levels. The more than usual reliability of the spectroscopic 
data on molecular oxygen, both in point of interpretation and in point 
of accurate wave length determinations, permits the attainment of high 
accuracy in the calculations. 

In this paper we present the results of heat capacity, entropy and free 
energy calculations to a maximum temperature of 5000°K. The calcula- 
tions were carried out in the manner described in the previous paper.= 
The reader is referred to that paper for the meanings of symbols which 
we here employ without redefinition. 

Spectroscopic Interpretation of Molecular Oxygen.-Two band sys- 
tems are prominent in the spectrum of molecular oxygen. These are the 
Schumann-Runge system, which occurs in the ultraviolet and has been 
extensively photographed both in emission3 and in absorption,* and the 

(1) Presented March 31, 1931, as part of the symposium on "Applications of Quantum Theory to 
Chemistry," Indianapolis Meeting of the American Chemical Society. 

(2) Johnston and Chapman, THIS JOURNAL, 55, 153 (1933). 
(3) Rnnge, Physica, 1, 254 (1921). 
(4) (a) Schumann, "Smithsonian Contributions to Knowledge," 29, No. 1413 (1903); (b) L. and 
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"atmospheric absorption" systemJ6 so called because of its prominence 
among the Fraunhofer lines which have been identified as arising from ab- 
sorption of solar radiation by the earth's atmosphere. This system lies 
in the near infra-red. The fact that both systems make their appearance 
by absorption in cold gas shows that their common ground state is the 
normal level of the molecule. 

These experimental data were successfully analyzed and interpreted 
through the efforts of Ossenbriiggen6 and of Mulliken.' The structure 
assigned to the oxygen molecule by Mulliken accorded also with the mag- 
netic behavior of molecular oxygen8 and was subsequently confirmed by the 
identification and analysis of nearly a hundred faint lines which had their 
origin in oxygen molecules containing the isotopic atoms QI8 and 

A summary of the analyses of the atmospheric bands, in so far as i t  re- 
lates to quantum assignments, has been published previously.1° We repeat 
here only those facts essential to the calculations in the present paper. 

The ground state of the oxygen molecule is a 3Z state whose three com- 
ponents are termed, by Mulliken, the FI, F2 and Fs coupling states, respec- 
tively. The coupling energy of the F2 form exceeds that of the other com- 
ponents by about 2 cm.-I (6 calories per mole). One equation serves equally 
well to represent the vibrational levels of all three forms. In  the calcula- 
tions included in the present paper we have adopted the vibrational formula 

v" = 1565.37~ - 11.37va (1)" 
which was derived by Birge and Sponer12 from a careful analysis of the 
extensive data on the Schumann-Runge bands.a~4a~b~c3d.e 5 here refers to  
the vibrational energy (in wave number units) in excess of the "zero point" 
vibrational energy retained by the molecules in their lowest level, (v = 0). 

Equations for the rotational energies of molecular oxygen have been given 
by Dieke and B a b ~ o c k , ~ ~  by Ossenbriiggens and by Mecke and Wurms.13 
Expressed in the modern notation, these all take the form 
E. Bloch, Compt. rend., 158,1161 (1914); (c) Duclaux and Jeantet, ibid., 173,581 (1921); (d) Leifson, 
Astrophys. J. ,  63, 73 (1926); (e) Fuchtbauer and Holm, Physik. Z., 26, 345 (1925); (f) Malan, Compl. 
rend., 192, 1720 (1931). 

(5) (a) Lester, Astrophys. J. ,  20, 81 (1904); (b) Fortrat, Ann. J .  Phys., 3,384 (1915); (c) Meggers, 
Pub. Allegheny Observatory, 6, No. 3 (1919); (d) Babcock, Astrophys. J , 65, 140 (1927); (e) Dieke and 
Babcock, Proc. Nal. Acad. Sci., 13, 670 (1927); (f) Badger and Mecke, 2. Physik. 60, 59 (1930); (g) 
Mecke and Batimann, ibid., 75, 139 (1931). 

(6) Ossenbraggen, ibid., 49, 167 (1928). 
(7) Mulliken, Phys. Rev., 32, 213, 880 (1928). 
(8) Van Vleck, ibid., 31, 608 (1928). 
(9) Giauque and Johnston, THIS JOURNAL, 51, 1436,3528 (1929). 
(10) Giauque and Johnston, ibid., 51, 2300 (1929). 
(11) Recent very accurate measurements of the (1,l) absorption band of atmospheric oxygen 

[Babcock, Phys. Rev., 35, 125 (1930) and also Ref. 5 g ]  give 1556.31 cm.-1 and 1556.41 cm.-1, respec- 
tively, for the relative energy of the v = 1 vibrational level. These values are to  be preferred t o  the 
value 1554.0 cm.-1 obtained by the use of equation (1) but recalculation of certain of our heat ca- 
pacity, entropy and free energy values on the basis of the more accurate energy produced no change in 
the third decimal, even for quite high temperatures, a t  which the vibrational levels become relatively 
more effective. 

(12) Birge and Sponer, Phys. Rev., 28, 259 (1926). 
(13) Mecke qnd Wunns, 2. Physik, 61, 37 (19303. 



F ( K )  = B [ K ( K  + I ) ]  - D [ K 2 ( K  + (2) 

where F(K) is the energy, in cm.-', of the rotational level characterized by 
a particular value of the rotational quantum number K ,  and B and D are 
numerical constants. Values given for the numerical constants appro- 
priate to the (v = 0) vibrational level of normal " oxygen are summarized 
in Table I. 

TABLE I 
~ O T A T ~ O N A L  ENERGY CONSTANTS OF THE (V = 0 )  VIBRATIONAL LEVEL OF THE NORMAL 

32 STATE OF MOLECULAR OXYGEN 
Authors B D 

Dieke and Babcock 1.438 6.31 X 
Ossenbriiggen 1.4380 4 . 9  X 
Mecke and Wurms 1.4375 4.77 X 

Giauque and Johnston
g 

found that the "D" constant of Dieke and Bab- 
cock was in error since, for high rotational quantum numbers, the equation 
given by the latter authors failed to reproduce, with sufficient accuracy, 
the data from which it was derived. A better value of this constant can 
be obtained by making use of a theoretical relationship which relates it to 
the value of "B" and to the vibrational constants.14 By this method we 
obtain D = 4.86 X With this correction the equation of Dieke and 
Babcock becomes substantially identical with that of Ossenbruggen, and 
of Mecke and Wurms, and is in good agreement with the experimental 
values for the rotational energies. In the calculations included in the 
present paper we have employed the rotational energy formula 

F(K) = (1.438 - 0.01596~) K ( K  + 1 )  - 0.00000486K2 ( K  + (2a) 

which includes a correction term (0.01596v,), for the variation of "B" 
with the vibrational quantum number v, as found by Mecke and Bau- 
mann.6g Since only the alternate rotational levels are present in the oxy- 
gen molecule,6e"~g16~7~9916 only odd values of K are to be used with equation 
(24 .  

Equation (2a) yields, accurately, the rotational energies of those mole- 
cules which possess the FZ form of electronic coupling in the normal 32; 

state. The energy of an isomeric Fl or F3 molecule is approximately 2 
ern.-' less than that of an FZ molecule with the same rotational quantum 
number K. This difference in electronic coupling energy between the 
isomeric forms of the multiplet normal level is responsible for the appear- 
ance of doublets in the spectrum of molecular oxygen. Measurement of 
the widths of these doublets provides a means of obtaining the energy 
levels of the Fl and F3 molecular species. 

Making use of the data of Dieke and ~abcock , ' ~  supplemented by the 
more recent data of B a b c ~ c k , ~ * l ~  we have computed the energies of mole- 

(14) Cf. Birge, Bull. Nut. Rec. Council, 11, 172 (1926). 
(15) Mecke, Physik. Z., 26, 233 (1935) 
(16) Babcock, Proc. Nal.  Acad. Sci., 16, 471 (1929). 
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cules in the F1 and F3 states relative to molecules in the F2 state for rota- 
tional quantum numbers to "K" = 25. The results are represented 
graphically in Fig. 1, which includes data from the isotopic 016-018 mole- 
cule as well as from the ordinary 01"016 molecuIe. This use is permitted 

0 5 10 15 20 25 
Rotational quantum number, K. 

Fig. 1.-Energies of the S and Fa rotational levels of normal oxygen 
related to the Fa levels. 

since the electronic isotope effect is small and is quite negligible for the 
2 cm.-1 difference in electronic energy of coupling involved in these calcu- 
lations. The inclusion of data pertaining to the isotopic molecule yields 
coupling energies appropriate to even as well as to odd rotational levels 

-1 
5 .  - 
49 7. 
2 E 

.s , - -2 e a 
3 t 
'GI - 
5 F4N 
3 -3 

0 5 10 15 20 25 
Rotational quantum number, K. 

Fig. 2.-Interpolation curve for obtaining smoothed values of the coupling 
energies. 

since alternate levels are missing only for the symmetrical 01"016 mole- 
cule. In obtaining Fig. 1 we have used all the spectrum lines which yielded 
the appropriate combinations, without regard to their relative reliability. 
In obtaining Fig. 2 we have excluded all calculations which involved a line 
marked in the tables of Dieke and Babcock, or of Babcock, as "double" 



or as "used in more than one series" resulting from coincidence or near 
coincidence of lines with others of the oxygen spectrum or with lines of the 
solar spectrum. We have also taken advantage of the relationship, first 
noted by Mulliken,? that the experimental curves for the energies of the 
Fl and Fa levels, relative to the Fz, are symmetrical around 2 cm.-l. We 
have rotated the Fi energy values around this coordinate as an axis and 
so obtained a common curve utilizing the data from both the P doublets 
and the R doublets of the spectrum. The curves through the experimental 
data in Fig. 1 were constructed by symmetrical transposition of the curve 
obtained in Fig. 2. 

The non-appearance in the spectrum of the line corresponding to the 
( J  = 0) --f (J = 0) transition precludes the direct experimental evalua- 
tion of the relative energy of the F3 level with K = 1. For the present 
calculations we have taken the energy of this level to be 2.13 cm.-l beneath 
that of the corresponding Fz level. We obtained this value by direct extrapo- 
lation of the F3 curve of Fig. 1. However, we wish to call attention to 
the possibility of an error introduced by this extrapolation. KramersL7 
has derived a wave mechanical formula which gives the separations to be 
expected among these multiplet levels, as a function of the rotational 
quantum number. His equation does not give very good quantitative 
agreement with the experimental values, as is apparent in Fig. 1, which 
includes curves derived from Kramers' equation. This lack of agreement 
(in a quantitative sense) is attributable in part to failure to carry the labori- 
ous mathematical analyses beyond the second approximation and, in part, 
to the introduction of certain simplifying assumptions regarding the nature 
of the molecule which fail to make allowance for actual perturbing influ- 
ences which do exist. Professor Mulliken18 has called our attention to the 
fact that probably Kramers' formula will apply to the one level we are here 
considering. This results from the fact that the perturbations referred 
to above are produced by an interaction between levels with the same J 
value. The level in question is unique in standing alone in its J value 
( J  = 0) and so escapes the perturbation. Should this analysis be correct 
we should take the energy of this level as 4.0, rather than as 2.13 cm.-I be- 
low the corresponding FZ level. However, there is still some uncertainty 
on this one point of analysis and in the absence of either a direct experi- 
mental value or of an unquestioned theoretical derivation, we choose to 
employ the value extrapolated from adjacent rotational levels, and yielded 
by the symmetry of the FL and F3 curves. An error of 2 cm.-l, which is 
the uncertainty involved in the relative energy of this one level, produces 
an altogether negligible effect on the calculated heat capacities, entropies 
and free energies above 10°K. But below 10°K. a 2 cm.-I error in this 

(17) Kramers, Z Physik, 63, 422 (1929). 
(18) Mulliken, private communication. 
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one level would appreciably influence the quantitative relationships-al- 
though not the qualitative character-of the interesting inflections in the 
heat capacity curve, which is reproduced in Fig. 4. 

The arrangement and spacings of the energy levels in oxygen are shown 
diagratnmatically in Fig. 3. The separations of rotational levels in (b) 
are greatly exaggerated. 

(a) Rotation levels. (b) Vibration-rotation levels. (c)  Electronic levels 
and transitions. 

Fig. 3.-Energy level diagram of 0 2 .  

Statistical weights appropriate to the various energy states are given by 
the expression 

p4 = (2J + 1) (3) 

where J = (K + I), (K)  and (K - 1) for the FI, Fz and 273 forms, respec- 
tively. The terms in i drop outlg since oxygen is without nuclear spin. 

The Heat Capacities.-Molar heat capacities of gaseous oxygen from 
0.020 to 5000°K. have been calculated with the aid of equation (2) from 
the previous paper.2 Table I1 summarizes the results of the calculations 
for the interesting temperature interval below 10°K. The tabulations 
refer to the hypothetical ideal gaseous state, at  constant volume, and do 
not include the 2.980 calories per mole per degree associated with the trans- 
lational motion of the molecules. The heat capacity curve, shown in Fig. 4, 
was constructed from the values included in Table 11. The two maxima 

(19) Cf. Equation 7 of Ref. 2. 
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TABLE I1 
ROTATIONAL AND ELECTRONIC HEAT CAPACITY OF GASEOUS OXYGEN BETWEEN 0.02 

AND 1o0K. 
T, OK. C; T ,  O K .  C: T ,  O K .  d 
0.020 0.000 0.115 2.856 1.50 0.479 

.025 .001 .I20 2.866 1.75 .436 
,030 .006 .I25 2.850 2.00 .402 
.040 .078 .I50 2.545 2.50 .385 
.050 .319 .I75 2.105 3.00 .465 
.065 1.026 ,200 1.695 4.00 .856 
.075 1.595 .250 1.100 5.00 1.311 
.080 1.866 ,350 0.522 6.00 1.647 
,085 2.123 .500 .352 7.00 1.844 
.090 2.327 .750 .426 8.00 1.942 
.095 2.507 1.000 .501 9.00 1.984 
.I00 2.647 1.250 .510 10 00 1.999 

which occur below 2OK.-one extending to a height of nearly three cal- 
ories-are electronic heat capacity curves and result from the absorption 
of energy by molecules which undergo transition from the Fa to the F1 

0 2 4 6 8 10 
T, OK. 

Fig. 4.-Heat capacity of gaseous oxygen (in excess of that due to 
translation). 

and Fz forms of coupling. They are analogous to the prominent maximum 
which occurs in the specific heat curve of nitric oxide at  about 75°K.2 
Their occurrence at  a much lower temperature, in oxygen, is due to the 
much smaller coupling energy in molecular oxygen as compared with nitric 
oxide. The steep rise between 2 and 10°K. represents the growth of the 
rotational specific heat. 
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The heat capacities a t  higher temperatures are tabulated in Table I11 
and the results are shown graphically in Fig. 5. 

TABLE 111 
HEAT CAPACITY OF GASEOUS OXYGEN IN THE HYPOTHETICAL IDEAL STATE (INCLUDING 

TRANSLATION) 
T, O K .  c; T, "K. c; T, OK. C; T, O K .  c; 

li 6.967 25 6.950 500 7.434 1500 8.702 
12 6.969 50 6.962 600 7.675 1750 8.802 
13 6 965 75 6.962 700 7 890 2000 8.880 
14 6.962 90.13 6.962 800 8.069 2500 9.001 
15 6.959 200 6.961 900 8.216 3000 9.108 
16 6.956 298 1 7.018 1000 8.339 4000 9.529 
20 6.950 400 7.197 1250 8.558 5000 9.554 

The results here refer to heat capacities a t  constant pressure and include 
the translational contribution. Open circles are employed, in Fig. 5 ,  to  
represent the spectroscopic values while the dark or shaded circles are used 

0 1000 2000 3000 4000 5000 
T, OK. 

Fig. 5.-Heat capacity of gaseous oxygen: 0, Spectroscopic; a, Henry; 
O, Eucken and Lude; 8, Partington and Howe; 9, Shilling and Partington; 
King and Partington; -@, Pier. 

to  mark experimental values obtained by cal~rimetric,~~ adiabatic expan- 
~ i o n , ~ l  velocity of sound,22 and explosionza methods. The experimental 

(20) P. S. Henry, Proc. Roy. Soc. (London), A133, 492 11931). 
(21) (a) Eucken and Lude, Z. physik. Chem., SB, 413 (1929); (b) Partington and Howe, Proc. 

Roy. Soc. (London), AlOS, 225 (1924). 
(22) (a) Shilling and Partington, Phil. Mag., 6, 920 (1928); fb) King and Partington, ibid., 9, 

1020 (1930). 
(23) Pier, 2. .?3cklrochem., 16, 636 (1909). recalculated by Lewis and Randall, THIS JOURNAL, 34, 

1130 (1912). 
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values are included only for the sake of comparison since the spectroscopic 
values are the more reliable. The recent work of Henry20 with a special 
type of flow calorimeter is in excellent agreement with the spectroscopic 
curve. The results obtained by the velocity of sound are 
obviously subject to some serious source of systematic error not detected 
by the investigators. We have omitted from the graph certain older2* 
calorimetric measurements because of the crowded condition of the drawing. 

It is noticeable that the heat capacity rises considerably above the classi- 
cal 9/2R calories per mole per degree which, on the basis of the Equipar- 
tition Principle, is the limiting value for the heat capacity of a diatomic 
gas.?his behavior, typical of other diatomic gases as is a conse- 
quence of three factors which remove the gas from that condition hypothe- 
sized in the derivation of the Equipartition Principle. These factors are: 
(1) a variable moment of inertia, (2) the anharmonic character of the molecu- 
lar vibration and (3) energy absorption by a change in electronic struc- 
ture. In an effort to separate, more or less arbitrarily, the influences of 
these several factors, we have constructed the curves which are marked with 
special notations. Thus the curve marked "Pure Rotation + Stretching" 
was constructed by limiting our consideration to those quantum states 
which comprise the rotational levels of normal 31: oxygen in its lowest, 
(v = 0), vibrational level. This yields a hypothetical rotational specific 
heat curve which, a t  5000°K., exceeds rotational equipartition by some 
0.06 calorie. This is directly a consequence of the "D" term in equation 
(2) and is attributable, physically, to energy absorption by the molecular 
stretching under the influence of centrifugal force, a t  high speeds of rota- 
tion. The curve marked "Rotation + Vibration + Stretching" was ob- 
tained by including all of the vibrational levels of normal 3Z oxygen.25 
Thus the difference between this and the previous curve represents the 
vibrational specific heat. For oxygen, the vibrational component attains 
its equipartition allotment a t  about 2500°K. and a t  5000°K. exceeds this 
limit by about 0.30 calorie. 

The inclusion of the electronic term, whose contribution to the specific 
heat becomes appreciable a t  about 2500°K., yields the complete specific 
heats, which are listed in Table I11 and are used to construct the heavy 
curve in Fig. 5. Although the numbers of molecules converted to the dia- 
magnetic '2 form are inconsiderable ( c f .  Table V) below 5000°K. the exci- 
tation energy is so large (37,000 calories per mole) in comparison with the 
other ways of internal energy absorption that the specific heat contribution 
is significant a t  the higher temperatures, and attains 0.25 calorie per mole 
per degree a t  5000°K. 

(24) (a) Holborn and Austin, Wiss .  Abhand. physik. tech. Reichsonslalt, 4,  133 (1905); (b) Scheel 
and Heuse, Ann. Phyrik,  40, 473 (1913). 

(25) The reliable corrected approximation formulas used in the previous calculations (Ref. 2) 
were employed to minimize the labor. 
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Tables IV and V show the effect of temperature on the distribution of 
molecules among the various quantum levels available to molecular oxygen 
(cf. Fig. 3). 

TABLE IV 
ELECTRONIC AND ROTATIONAL DISTRIBUTION OF OXYGEN MOLECULES BELOW 1o0K. 

c---!K = 1) levels- (%;,? ( K  = 5 )  
T, OK. Fa FI Fa levels 



182 HERRICK L. JOHNSTON AND MARGERY K. WALKER Vol. 55 

The distributions are calculated on the basis of the Maxwell-Boltzmann 
law of energy partition2% 

By reference to these tables the changes which occur in the body of gas 
during the process of heat absorption are easily visualized. Below 0.02OK. 
substantially all molecules of oxygen are in a single quantum state-the Ft 
form with the rotational quantum number (K = 1)-and the heat capacity 
is identical with that of a monatomic gas. Above 0.02OK. molecules 
attain to quantum states possessing higher energies and the energy ab- 
sorbed in the process results in the appearance of specific heat associated 
with internal degrees of freedom. The first of these absorption processes 
corresponds to the transformation of molecules from the Fa to the F1 form 
of coupling without change in the rotational auantum number, and pro- 
duces the first sharp maximum a t  about 0.12OK., where the rate of this 
transformation is greatest. The second, considerably broader, maximum 
a t  a little above 1°K., results from a similar transformation of a portion of 
the molecules to the Fz coupling state, still without change in the rotational 
quantum number. Between 2 and 10°K. the specific heat, in excess of that 
due to translation, is due principally to excitation of molecules to the (K 
= 3) rotational levels. As Table IV makes plain, the near attainment of 
rotational equipartition does not require a large distribution of molecules 
among the higher rotational levels. In oxygen, at  10°K., 76% of the 
molecules still remain in the (K = 1) levels and less than 1% have attained 
the third set of rotational levels (with K = 5). Table V indicates the 
character of the absorption processes responsible for the specific heat com- 
ponents which enter at  the higher temperatures. 

The Entropy of Oxygen.-Table VI gives the entropy of oxygen for 
temperatures ranging from 1 to 5000°K. These values refer to the hypo- 
thetical ideal gaseous state a t  a pressure of 1 atmosphere and are expressed 
in calories per mole per degree. 

ENTROPY OF OXYGEN IN THE IDEAL GASEOUS STATE AT ONE ATMOSPHERE PRESSURE 
T, OK. So T ,  OK. So T ,  OK. So T, OK. So 

1 11.780 90.125 40.686 700 55.314 1750 63.023 
5 20.711 200 46.236 800 56.381 2000 64.203 

10 25.390 298.1 49.018 900 57.342 2500 66.198 
25 31.764 400 51.121 1000 58.214 3000 67.848 
50 36.587 500 52.740 1250 60.099 4000 70.500 
75 39.410 600 54.117 1500 61.674 5000 72.607 

(26) At very low temperatures an actual gas will obey the Bose-Einstein statistics rather than the 
Boltzmann statistics. However, this need concern us no more than the recognition that actual gases 
are subject to Van der Waals forces. Were we attempting to compare experimental data on the actual 
gas with our calculated values, it would he necessary to make corrections both for Van dm Waals' im- 
perfection and for quantum degeneracy, since our calculations apply to the hypothetical ideal gaseous 
state which, by definition, excludes both of these forms of imperfection. However, in this paper, we 
desire to know the results in terms of just such an ideal gas since the "standard state" of thermo- 
dynamic usage is customarily defined in terms of such a gas. For a further discussion of this point 
see Giauque, THIS JOURNAL, 52,4810 (1930). 
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The Free Energy.-In Table VII  we give values of - (Fo - E:)/ T for 
gaseous oxygen a t  a pressure of one atmosphere. Underscored values were 
calculated from the spectroscopic data. The remainder were interpolated 
by a graphical method. 

TABLE VII 
"E'KEE ENERGY" OF GASBOUS ~ X Y G E N ' ~  

F 0  - E ~ O  -- F 0  - E,Y -- 
T T ,  OK. T T, O K .  

32.551 1150 51.770 3000 
33.812 1200 52.095 3100 
39.315 1250 52.408 

-- 
3200 

42 081 1300 52.712 3300 
42.125 1400 53.286 3400 
43.193 1500 53.826 3500 
44.127 1600 54.334 3600 
44.951 1700 54.814 3700 
45.691 1750 55.045 3800 
46.364 1800 55.270 3900 
46.984 1900 55.702 4000 
47.555 2000 56.117 4100 
48.089 2100 56.512 4200 

Evaluation of the Limits of Error.-Below 1000°K., substantially all of 
the terms needed to evaluate the several sums employed in the present 
calculations lie within the range of energies covered by spectroscopic ob- 
servations which the energy equations accurately reproduce. Even a t  
5000°K. the several higher vibration levels which make appreciable con- 
tributions to the sums are almost entirely represented in the observed 
bands. Thus only 0.15% of 2A (cf. Ref. 2 for the significance of symbols), 
0.7% of ZB and 2.1% of ZC were contributed by vibration levels whose 
energies were extrapolated by the accurate equation (1). As in nitric 
oxide, a considerably larger fraction of the rotational sums was contributed, 
at  the higher temperatures, by rotation terms whose energies lay beyond 

(27) A few of these values differ slightly (by the order of 0.01 or 0.02 unit) from a preliminary 
table furnished to Clayton and Giauque and used by them in their calculation of the CO equilibria 
[Clayton and Giauque, Tars JOURNAL, 64, 2610 (1932)l. Since the small effect which these changes 
would produce in their calculations lies well within other sources of error no corrections need be applied 
to  their tables. 
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the spectroscopic observations. This is illustrated in Table VIII which 
shows: (1) the total number of rotational terms summed in the normal 
vibration level of the 3Z, R series, and (2) the number of these terms, start- 
ing with (K = l ) ,  which contributed 90% of the totals of the respective 
sums. The actual spectroscopic data covered the first 13 rotational terms 

TABLE VIII 
THE NUMBERS OF ROTATIONAL TERMS WHICH CONTRIBUTED APPRECIABLY TO THE 

ROTATIONAL Sms OF THE 3Z, FI (v = 0) STATE 
Total Terms contributing 90% of the respective sums 

T, OK. (all sums) Z A ZB ZC 

1000 54 16 23 27 
2000 67 23 31 36 
3000 85 40 50 59 

(to K = 25). I t  was thus necessary, a t  these higher temperatures, to 
employ equation (2a) to compute the energies of many rotational terms 
which lie beyond those observed experimentally. However, this does not 
constitute a serious source of error for equation (2a) reproduces the experi- 
mental data, both for ordinary oxygen and for the isotopic displacements, 
with an accuracy which approximates 0.01 cm.-I on the averagez8 and 
the equation should extrapolate with considerable accuracy for several 
rotation terms beyond those which enter into the observed data. In order 
to set a reasonable limit to the inaccuracy which might enter through 
this extrapolation we have recalculated, a t  representative temperatures, 
the heat capacity, entropy and free energy on the supposition of a * 50% 
error in the D constant of equation (2a). The changes thus produced are 
recorded in Table IX. 

TABLE IX 
ERRORS INTRODUCED BY A 5OY0 ERROR IN THE CONSTANT OF THE QUADRATIC TERM IN 

EQUATION (28) 
Po - EoO 

so -- 
T, OK. c; T 

2000 0.000 0.004 0.002 
3000 . 000 .004 .003 
5000 . 000 .OM .003 

A similar recalculation on the basis of a reasonable limit to the inaccuracy 
of the B constant of Table I produced changes much smaller than these. 
If we make some allowance for small inaccuracies in the B constants of the 
higher vibrational levels, in the vibrational frequencies and in the physical 
constants which are employed, it would appear that 0.02 or 0.03 calorie 
per mole per degree would cover the uncertainties in either heat capacities, 
entropies or free energies, even a t  5000°K. 

However, this statement must be modified to admit two sources of un- 
certainty, operative in the extreme regions of temperature, which involve 

(28) Birge, Nature, 134, 13 (1929). 
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neither the energy equations nor the physical constants used in the com- 
putations. The possibility of an error in the energy of the first Fa rota- 
tional level, which would influence the magnitudes of the calculated values 
below 10°K., has already been discussed. The other source of uncertainty 
arises from the not unlikely possibility of the existence of a metastable 'A 
electronic term intermediate between the 31: and 'I: states which are in- 
volved in the atmospheric bands (cf. Fig. 3). This level has been pre- 
dicted, on theoretical grounds, by M ~ l l i k e n ~ ~  and by HiickeL30 who esti- 
mates that the level lies about midway between the 3L: and l1: terms. As 
this state has never been confirmed experimentally, we are unable to know 
certainly of its existence, or to evaluate accurately the contribution it would 
make to the results of the present calculations. However, we can estimate 
the approximate influence on the heat capacity curve at high temperatures 
should the term exist with the approximate energy hypothesized by  Hiickel. * 

The effect would be to add what we might term a A component t o  the heat 
capacity curve. Such a component would become effective a t  about 
1250°K., and a t  2500°K. would have attained the approximately 0.25 
calorie which the 'I: component attains at  5000°K. The l A  contribution 
would continue to rise above this value and would ultimately attain a 
maximum, followed by a gradual decline, in much the same manner as 
exhibited by the electronic coupling energy contributions which appear 
in the curve below 3OK. For either the l A  or 'I: levels, however, the 
maximum would not appear until very high temperatures were reached. 
The presence of the l A term would also produce an increase in the numerical 
values of Tables VI and VII, at  high temperatures, but the influence would 
be relatively less than for the heat capacity. 

Between about 10 and 1200°K. the values recorded in Tables 111, VI 
and VII should be fully as reliable as previous considerations have indi- 
cated. That is, an accuracy of *0.01 calorie per mole per degree, or 
better, should apply to any of these quantities, on the basis of the "Inter- 
national Critical Tables'' values for the physical constants employed in the 
calculations. 

It is improbable that, in addition to the lZ state and the hypothetical 
l A  state, there can exist other electronic terms with excitation energies 
sufficiently low to influence our calculations. Should the existence of a 
l A term be verified experimentally and its excitation energy be determined, 
together with its accompanying vibrational and rotational constants, it  
will be a small matter to amend our present calculations to include the 
contributions of this term. It is our intention to do this should the neces- 
sity arise. In conclusion, we wish to emphasize the fact that the future 
discovery of any quantum states which may now be unknowingly omitted 

(29) Mulliken, Phys. Rev., 32, 186 (1928). 
(30) Hiickel, Z. Physik, 60, 442 (1930). 
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from our interpretation may lead to an increase of the numerical values of 
the accompanying tables, but that no such future discovery can lead to a 
decrease of these figures. 

We wish to acknowIedge a grant from the Graduate Council of the Ohio 
State University, which provided research assistance that has greatly 
aided us in this investigation. The completion of the calculations was 
also greatly facilitated through the use of an electric computing machine 
obtained by a grant from the National Research Council. 

Summary 

The spectroscopic interpretation of the oxygen molecule has been briefly 
summarized. 

The heat capacity of molecular oxygen in the ideal gaseous state has 
been calculated for the temperature range 0.02 to 5000°K. The heat 
capacity curve shows two maxima below 2OK. These are due to trans- 
formations between closely related electronic forms of the normal molecule. 
The rotational component of the specific heat appears a little below 3OK. 
and attains rotational equipartition at  about 10°K. The vibrational com- 
ponent makes its appearance at  about 200°K., and passes the equiparti- 
tion value at about 2500°K. At high temperatures the rotational com- 
ponent of the specific heat exceeds the equipartition value due to centrifu- 
gal stretching of the molecule and the vibrational component exceeds R 
calories due to the anharmonic character of the oscillations. At about 
2500°K. an additional electronic component of the specific heat makes its 
appearance. This arises from the excitation of molecules into the 'Z 
electronic term of the "atmospheric" bands. 

Tables are included which show the temperature distributions of oxygen 
molecules among the various rotational, vibrational and electronic levels. 

The entropy has been calculated and tabulated for temperatures from 
1 to 5000°K. 

The "free energy," as represented by the quantity - (FO - E ~ ) / T  has 
been evaluated from 75 to 5000°K., and tabulated in a fashion that permits 
easy interpolation. 

The probable errors of the heat capacity, entropy and "free energy" 
calculations have been determined. Also the possible influences of a small 
error in the coupling energy of the lowest Ft rotational state and of the 
existence of a A electronic state have been discussed. These uncertainties 
affect the calculations only at  very low and a t  very high temperatures. 
Between 10 and 1200°K. the calculations are regarded as accurate to within 
*0.01 calorie per mole per degree. 

COLUMBUS, OHIO RECEIVED JULY 28, 1932 
PUBLISHED JANUARY 11,1933 
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The Dissociation of Oxygen to 5000°K. The Free Energy of 
Atomic Oxygen1 

BY HERRICK L, J O ~ S T O N  AND MARGERY K. WALKER 

Knowledge of the extent to which the common gases are thermally 
dissociated can be of value in the interpretation of phenomena which relate 
to reaction kinetics, specific heats, gaseous conduction, etc. Direct 
measurement of the dissociation of the more stable gases is quite difficult 
due, a t  low temperatures, to the small magnitude of the effect and, a t  high 
temperatures, to numerous experimental difficulties. A new and highly 
accurate point of approach is now available for several gases, as a result of 
the recent developments in the fields of molecular and atomic spectra. 
The first extensive and accurate calculation of a gaseous dissociation, based 
entirely on spectroscopic data, was made by Gia~que ,~  who calculated the 
dissociation of hydrogen for various temperatures between room tempera- 
ture and 5000°K. The earlier experimental results of Langmuir3 and of 
Langmuir and Mackay4 were found to be in very satisfactory accord with 
the more accurate values derived from the spectroscopic data. The present 
paper presents the results of similar calculations for the dissociation of 
molecular oxygen between room temperature and 5000°K. 

Thermodynamic Relationships.-The calculations make use of the 
relationships 

- R In K = AF O/T  

Here R is the molar gas constant, in calories; T, the absolute temperature; 
In K, the natural logarithm of the dissociation constant; AFO, the free 
energy change which accompanies the dissociation of one mole of molecular 
oxygen in the hypothetical ideal gaseous state, at one atmosphere, into 
monatomic oxygen in the perfect gaseous state, at one atmosphere; the 
parenthetical quantities are the mold "free energies" of atomic and mo- 
lecular oxygen, respectively; and AE; is the molecular heat of dissociation 
at the absolute zero. It, like the parenthetical terms, can be evaluated, 
in this instance, entirely from trustworthy spectroscopic data. In making 
the computations in the above equation the molal "free energies" for 
molecular oxygen are taken from Table VII of the previous paper.5 The 
"free energies" of atomic oxygen are computed by us and are given in 

(1) Presented March 31, 1931, as part of the Symposium on "Applications of Quantum Theory to  
Chemistry ," Indianapolis Meeting of the American Chemical Society. 

(2 )  Giauque, THIS JOURNAL, 62, 4816 (1930). 
(3) Langmuir, (a) Trans. Electrochem. Soc., 20, 225 (1911); (b) THIS JOURNAL, 34, 860, 1310 

(1912); (c) ibid., 37,417 (1915). 
(4) Langmuir and Mackay, ibid., 36, 1708 (1914). 
(5) Johnston and Walker, ibid., 66, 172 (1933). 



Table I1 of the present paper, and the dissociation energy of oxygen, whose 
reliability is discussed in a later paragraph is taken to be 5.09 (*0.03) 
volts (equal to 117,350 (*700) calories per mole.) 

The Free Energy of Atomic Oxygen.--Following equation (4) of a pre- 
vious papere the mold "free energy" of atomic oxygen in the hypothetical 
ideal gaseous state is given by the expression 

F0 - EoO RT ( )  = 5/2R - 3/2R in T - R In - 
P 

- 3 / 2  R In 16 + 11.057 - R In XA (2) 

Before we can evaluate the last term in this equation we must know the 
nature of the more stable quantum levels of atomic oxygen, their statistical 
weights and their relative energies. 

The normal, or valence, level of the neutral oxygen atom is an inverted 
3P term? 

The existence of metastable lDz and ISo terms, corresponding to con- 
siderably higher energies, has also been established8 from the line spectra of 
neutral oxygen. Still other electronic states are known but we need not 
consider these because their energies are so great, compared to the normal 
3P term, that their influence in the present calculations is entirely negligible. 
Nor is there likelihood of the occurrence of unidentified levels of sufficiently 
low energy to influence our calculations, because the observed 3P, ID and 
IS levels are in accord with the well-established theoretical relationships 
which connect the spectroscopic terms with the position of the element in 
the Periodic Table.s 

The relative energies of these various atomic levels of oxygen are given 
in Table I, together with their respective statistical weights. 

TABLE I 
RELATIVE ENERGIES AND STATISTICAL WEIGHTS OF THE MORE STABLE QUANTUM STATES 

OF THE NEUTRAL OXYGEN ATOM 
Relative energies 

Calories per Statistical 
Term Volts mole weight 

3 ~ t  0.000 o 5 
.020 449.4 3 

aPo .028 644.5 1 
ID2 1.957 45,096 5 
'so 4.168 96,039 1 

From this table ZA, of equation (2), was evaluated by the relationship 
ZA = 5 + 3e-449.4/RT + le-644.5/RT + 5, -45,096/RT + le-OG,OPO/RT (3) 

This then permitted the evaluation of the molal "free energies" of mon- 
(6) Johnston and Chapman, Tars JOURNAL, 55, 153 (1933). 
(7) Hopfield (a) Nature, 112, 437 (1923); (b) Phys. Rev., 21, 710 (1923); (c) Aslrophys. J., 59, 

114 (1924) ; (d) Phys. Rev., 3'7, 160 (1981). 
(8) (a) Frerichs, ibid. ,  36, 398 (1930); (b) Paschen, Nalurwissenschaften, 18, 752 (1930); (c) 

Sommer, ibid., 18, 752 (1930). 
(9) Cf. Ruark and Urey, "Atoms, Molecules and Quanta," McGraw-Hill Book Co . New York, 

1930, ch. IX and p. 326. 
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atomic oxygen by equation (2). These were evaluated for temperatures 
ranging from room temperature to 5000°K., and are tabulated in Table 11. 

TABLE I1 
MOLAL "FREE ENERGY" OF MONATOMIC OXYGEN IN THE IDEAL GASEOUS STATE 

F0 - EoO -- F0 - EoO -- F 0  - Eo -- 
T, OK. T T ,  OK. T T ,  O K .  T 

298.1 33.090 1250 40.616 3 100 45.226 
300 33.124 1300 40.817 3200 45.386 
350 33.952 1400 41.196 3300 45.541 
400 34.666 1500 41.549 3400 45.691 
450 35.293 1600 41.877 3500 45.837 
500 35.852 1700 42.186 3600 45.979 
550 36.355 1750 42.333 3700 46.117 
600 36.812 1800 42.476 3800 46.252 
650 37.232 1900 42.751 3900 46.383 
700 37.620 2000 43.012 4000 46.511 
750 37.980 2100 43.259 4100 46.635 
800 38.315 2200 43.494 4200 46.757 
850 38.630 2300 43.719 4300 46.876 
900 38.925 2400 43.934 4400 46.992 
950 39.205 2500 44.141 4500 47.105 

1000 39.470 2600 44.338 4600 47.216 
1050 39.694 2700 44.529 4700 47.325 
1100 39.960 2800 44.713 4800 47.431 
1150 40.189 2900 44.890 4900 47.536 
1200 40.407 3000 45.062 5000 47.643 

This table is of use not alone in the immediate calculations but in equi- 
librium computations for any reaction in which monatomic oxygen is 
involved. 

The Heat of Dissociation of Molecular Oxygen.-Birge and Sponerlo 
obtained a value of 0.81 volt for the energy required to dissociate an 
excited $2: oxygen molecule into atoms. Assuming that this dissociation 
was into normal atoms, Birge and Sponer thus obtained the value 7.05 volts 
for the dissociation of a normal molecule into normal atoms. A later 
theoretical treatment by Wigner and Witmerl1 showed that 32: oxygen 
must dissociate into one normal atom and one excited atom in a IDz level. 
The subsequent identification and measurement of this level8" " led to 
the value of 5.09 (*0.03) volts for the dissociation of a normal oxygen 
molecule into normal atoms.12 

This value is confirmed by a variety of independent determinations by 
other methods.13 

(10) (a) Birge and Sponer, Phys. Rev., 29, 259 (1926); (b) Birge, Trans. Faraday Soc., 26, 707 
(1929). 

(11) Wigner and Witmer, Z. Physik, 51, 859 (1928). 
(12) Herzberg, Z. physik. Chem., 10B, 189 (1930). 
(13) (a) Kassel, ibid., 2B, 264 (1929); (b) Phys. Rev ,34,817 (1929); (c)  Mecke, 2. physik. Chcm., 

7B, 108 (1930); (d) Henri, Nature, 125, 202, 275 (1930); (e) Kondvat'ev, Z. physik. Chem., 9B, 70 
(1930) ; (f) Baxter, THIS JOURNAL, 62, 3468 (1930) ; (g) Rodebush and Troxel, ibid . 52, 3467 (1930); 
(h) Copeland, Phys.  Rev., 86, 1221 (1930). 
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Even those values which differ from the spectroscopic value by eight or 
ten thousand calories constitute confirmations of the latter more accurate 
determination. This is a consequence of the fact that the only possible 
source of error in the spectroscopic value (beyond the very small error 
involved in the wave length measurements themselves) is associated with 
the point a t  which Birge and Sponer made their erroneous assumption- 
the nature of the dissociation products of the excited 32 oxygen. If, for the 
sake of argument, we exclude the conclusions of Wigner and Witmerll 
one of the following alternatives would have to be accepted: dissociation 
into two normal atoms (the assumption of Birge and Sponer), dissociation 
into two IDe atoms, or dissociation into one atom and one 'So atom. 
These respective alternatives would lead to the following alternative heats 
of dissociation: 163,000 calories, 72,000 calories, 2 1,000 calories. Within 
each alternative the value would be accurate to within about 1000 calories. 
The several independent lines of investigation do not support any of these 
alternatives. So we may regard the heat of dissociation of normal oxygen 
molecules into normal oxygen atoms as fixed at 117,350 calories * about 
700 calories. 

Since the spectroscopic energies correspond to molecular and atomic 
states whose term values are independent of temperature, the heat of 
dissociation from spectroscopic data is identical with the heat of dissocia- 
tion at the absolute zero and so is identical with the AE; of our equation 
(1). 
Equilibrium Constants and the Degree of Dissociation.-By means of 

equation (1) we have calculated equilibrium constants of the reaction 0 2  = 
20. We have also calculated percentage dissociations for a total pressure 
of one atmosphere. These were calculated by the relationship 

looa! = loo ~ K / ( K  + 4 ~ )  (4) 

where P is the total pressure and l O O a  is the percentage dissociation. 
The results are tabulated in Table 111. The limits of error are computed 
on the basis of an uncertainty of =f=0.03 volt in the energy of dissociation. 

TABLE I11 

DISSOCIATION CONSTANTS AND PERCENTAGE DISSOCIATIONS FOR MOLECULAR OXYGEN 

(The Percentage Dissociations Are Computed for a Total Pressure of One Atmosphere) 
T, O K .  K pb/po2 Percentage dissociation 

298.1 (2.8 * 2) X (2.6 * 1.2) x 
300 (5.9 ==4) X 10- (3.9 * 1.7) X 
350 (1.3 * 0.8) X 10- (5.7 * 2.3) X 
400 (2.4 * 1.4) X (2.5 == 0.9) X 10-28 
450 (4.0 * 2.2) X (1.0 * 0.3) x lo-z4 
500 (2.4 1 1.2) X (7.8 =t 2.3) X 
550 (1.3 + 0.6) X (1.8 * 0.5) X 10-l9 
600 (1 .4  1: 0.6) X (1.9 h 0 . 5 )  X lo-" 
650 (2.6 * 1.4) X lo-" (8.1 * 2.2) X 10-l6 
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Percentage dissociation 
(2.2 1 0.5) X 10-14 
(3.9 * 0.8) X 10-l3 
(4.8 * 1.0) X 10-l2 
(4.4 * 0.8) X lo-" 
(3.2 * 0.6) X 10-lo 
(1.9 * 0.3) X 10- 
(9.1 * 1.5) X 10- 
(3.8 * 0.4) X 10" 
(1.4 f 0.2) X 10' 
(4.7 * 0.7) x 109 
(1.4 * 0.2) X 10- 
(3.9 1 0.5) X 10" 
(1.0 * 0.1) X 10' 
(5.3 * 0.7) X 
(2.2 * 0.2) X 10-4 
(8.0 * 0.9) x 
(2.4 * 0.2) X 
(6.6 * 0.6) X 10-3 
(1.6 * 0.2) X 
(3.6 f 0.3) X 
(7.5 * 0.7) X 10-2 

0.14 * 0.01 
0.26 * 0.02 
0.46 0.03 
0.77 * 0.05 
1.23 * 0 . 1  
1.91 * 0.1  
2.86 * 0.2 
4.16 * 0.2  
5.95 1 0.3 
8.27 1 0.4  
11.3 * 0.6  
15.1 * 0.9 
19.6 * 0.7 
25.1 * 1.2  
31.4 1 1 .3  
38.6 * 1 . 6  
46.2 * 1 .7  
54.0 1; 1 .8  
61.7 1 1.7 
68.7 * 1 .5  
75.0 * 1 . 4  
80.2 1.1 
84.6 * 1.0 
88.0 * 0 .7  
90.7 1 0.5 
92.9 * 0.5  
94.4 * 0.4 
95.6 * 0.3  
96.6 * 0.2 



This uncertainty, although small, entirely masks the small errors which 
may exist in the - (FO - E,")/T values which are involved. A modifica- 
tion of this statement must be made for the five or ten highest temperatures 
in order to allow for the not improbable existence of a l A  molecular level.14 
We have estimated the possible effect that would be produced by the 
existence of the l A  level, by recalculating equation (1) for a few repre- 
sentative temperatures with the molecular "free energies" modified by 
inclusion of the contributions that would result from a singlet level about 
half way between the normal and the excited lX levels of molecular 
oxygen. The results of this recalculation are given in Table IV. 

DISSOCIATION CONSTANTS AND PERCENTAGE DISSOCIATIONS RECALCULATED WITH THE 

INCLUSION OF A HYPOTHETICAL l A  LEVEL IN MOLECULAR OXYGEN 

Percentage 
T. OK. K dissociation 

2000 5.14 X 3 . 6  X 
2500 2.34 X loF4 0.77 
3000 1.40 X lo-% 5.92 
4000 2.37 61.0 
5000 52.6 96.4 

The comparatively large specific heat contribution which the 'A term 
would make at  high temperaturess is a result of the large quantity of energy 
absorbed by the few molecules which attain the l A  level. The contribution 
of the hypothetical l A  term to the "free energy," and hence to equilibria, 
is less significant because, in the latter case, the magnitudes of the energy 
play no part, except as they influence the statistical distributions. 

The literature contains no reference to any direct determinations of the 
thermal dissociation of gaseous oxygen. From consideration of the energy 
losses of a tungsten filament in air, Langmuir made the ~bservat ion '~ ,~ 
that in the neighborhood of 2400°K. oxygen must be either largely dis- 
sociated into atoms or associated into ozone. From a consideration of the 
phenomena which occur in an electric arc in air, Karrer15 concluded that 
oxygen must be partly dissociated a t  the temperature of the arc. Jenckel16 
measured the heat losses of a glowing Nernst filament in oxygen, as well as 
in nitrogen, and attempted to interpret his results in terms of dissociation 
of the oxygen. The latter quantity was computed from thermochemical 
data by means of an approximation formula. Jenckel's experimental 
results are not suitable for direct evaluation of the degree of dissociation. 

The dissociation constants and percentage dissociations calculated in the 
present paper should be reliable, within the limits set in Table 111, for use 
in all problems which involve the dissociation of oxygen. 

(14) For discussion of this point see Ref. 5. 
(15) Karrer, Trans. Am. Electroclzem. Soc., 48, 223 (1925). 
(16) Jenckel, Z. ghysik. Chem., lSSA, 100 (1931). 
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The completion of these calculations has been greatly aided by the use of 
an electric computing machine provided by a grant of the National Re- 
search Council. We also wish to acknowledge a grant from the Graduate 
Council of The Ohio State University, which provided research assistance. 

Summary 

Accurate values for the dissociation constants of molecular oxygen have 
been calculated for the temperature interval 298.1 to 5000°K. The calcu- 
lations are based upon a thermodynamic treatment of reliable spectroscopic 
data. 

Accurate values of the percentage dissociation at a total pressure of one 
atmosphere have also been calculated between 298.1 and 5000°K. The 
dissociation attains 1 % at a temperature between 2500 and 2600°K. and, 
at  5000°K., the molecules are dissociated to the extent of 96.6 0.2%. 

The "free energy" of monatomic oxygen, as represented by the quantity 
- ((FO - E ~ ) / T ) ,  has been evaluated from 298.1 to 5000°K., and tabu- 
lated in a fashion which permits easy interpolation. 

The possible inaccuracy introduced through the omission of a probable 
'A electronic state of molecular oxygen has been discussed. At 5000°K. 
the uncertainty thus introduced cannot change the calculated percentage 
dissociation by more than about 0.2 of one per cent. Below 4000°K. the 
influence of the hypothetical 'A level is practically negligible. It is pointed 
out that the influence of a hypothetical 'A level cannot appreciably 
modify the values of the molecular free energy function for use in other 
equilibria which involve molecular oxygen. 

COLUMBUS, OHIO RECEIVED JULY 28, 1932 
PUBLISHED JANUARY 11, 1933 
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[CONTRXB~ON PROM THE RESEARCH AND DEVELOP~NT DEPARTMENT, VACUUM OIL 
Co., INC.] 

Spreading of Liquids on Solid Surfaces. The Anomalous 
Behavior of Fatty Oils and Fatty Acids with Experiments 

Leading to a Tentative Explanation 

Introduction 
The accepted theories of spreading are supported by ample experimental 

evidence for the case of one liquid spreading upon the surface of another. 
For example, the known interfacial and surface tension relations lead to the 
expectation that fatty oils and fatty acids will possess a more marked 
spreading tendency on water than will hydrocarbons and well-refined min- 
eral oils. This expectation is realized experimentally. 

For the spreading of liquids on solids, however, the current theories are 
not well substantiated by experimental data. Indeed, for many liquid- 
solid systems there would appear to be a conspicuous, but heretofore over- 
looked, disagreement between theory and experiment. While the surface 
tension of solids and their interfacial tension against liquids cannot be 
measured, there is, nevertheless, considerable evidence to show that on 
metals as well as on water the fatty oils and fatty acids should possess a 
more pronounced spreading tendency than the mineral oils. 

It is a matter of common observation that such is not the case. On 
smooth and clean metal surfaces a drop of olive oil or of oleic acid shows 
little tendency to flatten or spread, whereas liquid parafEn hydrocarbons 
and moderately viscous mineral oils spread readily and apparently without 
limit as long as any liquid substance remains. 

It is the purpose of this paper to discuss some of the evidence for the 
genuine existence of the anomaly, and to suggest a tentative explanation 
based on experiments which will be described. The experiments are of 
further interest in that they show for the first time, as far as the authors are 
aware, the phenomenon of rupture of thin layers of liquid on a solid surface 
due to the instability created by an underlying adsorbed film of low surface 
energy. A similar effect for fatty and mixed oils on water is well known. 

The Spreading Tendency 
As early as 1805 Thomas Young1 had considered the laws governing 

the spreading of liquids on solids, and had published his famous equation 
(I), describing the equilibrium of a drop of liquid on a solid surface. 

T,,, = T,, + T,  cos e (1) 

Here the solid is represented by the subscript m, the liquid by o; Tm, 
T,, and To are the surface tensions of the respective surfaces and inter- 
faces, and 0 is the angle of contact between the liquid and the solid. 

(1) Young, Phil. Trans., 95, I, 65 (1805). See also "Works," i ,  p. 432. 
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In recent years Harkins and Feldman, Osterhof and Bartell and others2 

have formulated various spreading criteria which differ from each other in 
little except notation. If the tendency to spread be represented by S, 
then, ignoring the work of viscosity 

S = T, - T,, - To (2)  

for spreading on a solid surface. 
The quantities Tm and T,, cannot be measured, and it is consequently 

impossible to determine the numerical magnitude of the spreading tendency 
for any given instance of a liquid spreading on a solid surface. It is to be 
noted, however, that the common fatty oils and fatty acids differ but little 
in surface tension from mineral oils as a class. If there is any substantial 
difference, therefore, between the interfacial tensions of the fatty licluids 
against metals and the mineral oils against metals, that class of liquids 
which has the lower values of Tmo should possess the superior spreading 
tendency. 

Evidence That the Interfacial Tension between Metals and Fatty 
Liquids Is  Less than between Metals and Mineral Oils 

(a) Preferential Adsorption.-In accordance with a well-known general 
principle, surfaces and interfaces tend spontaneously to assume a condition 
of minimum free surface energy. At an interface between a metal and a 
mineral oil containing fatty acid in solution, that constituent of the solution 
which lowers the interfacial tension by the greater amount should, there- 
fore, become more concentrated than in the solution as a whole. 

Fatty oils and fatty acids lower the static coefficient of friction between 
metal surfaces more than do mineral oils of the same viscosity. Moreover, 
a mineral oil containing only a small percentage of fatty acid lowers the 
friction almost as much as a straight fatty oil. The explanation generally 
accepted is that the fatty acids are preferentially adsorbed from their 
solutions in mineral oils by metallic surfaces. Other experimental evidence 
of a more direct nature will be presented later which leads to a similar 
conclusion, namely, that metal surfaces preferentially adsorb the fatty 
acids from solutions of the latter in mineral oil. On the principle stated 
above, the fatty acids must, therefore, reduce the surface tension of metals 
more than do mineral oils. 

(b) Interfacial Tension between Oils and Mercury.-Harkins and 
Ewing, Wells and Southcombe, and Bhatnagar and Garner3 have presented 
data showing that the interfacial tension between mercury and fatty liquids 
is considerably lower than between mercury and hydrocarbons or mineral 
oils. The differences reported are of the order of 20 to 50 dynes per cm. 
I t  is also shown that the addition of small percentages of fatty acid to a 

(2) NarLins and Feldman, THIS JOURNAL, 44,2665 (1922): Osterhof and Bartell, J. Phys. Chem., 
34, 1399 (1930). 

(3) Harkins and Ewing, THIS JOURNAL, 43, 2539 (1920); Wells and Southcombe. J. Soc. Chem. 
Ind.. 39, 51T (1920); Bhatnagar and Garner, a i d . .  39, 185T (1920). 



mineral oil progressively lowers the interfacial tension between the oil and 
mercury. 

Some rough preliminary measurements made during the course of the 
present investigation indicate that well-refined lubricating oils of a medium 
grade may have an interfacial tension against mercury 20 to 40 dynes per 
cm. higher than olive oil or than the same mineral oils containing 1 to 2% 
fatty acid. 

The significance of these results to the question under discussion is 
obvious. Most solid metals probably have lower interfacial tensions 
against fatty oils and fatty acids than against mineral oils as is true for the 
case of the metal mercury. Moreover, the differences are not likely to be 
less than about 20 to 50 dynes per cm. As shown in Table I below, the 
difference between the surface tensions of the fatty liquids and the mineral 
oils is seldom greater than 2 or 3 dynes per crn. Clearly, on the basis of 
Equation (2) the fatty oils and fatty acids should manifest the more marked 
spreading tendency. 

TABLE I 

o means powder wetted preferentially by oil; w means powder wetted preferentially by 
water 

Surface 
Viscpsity, tension 

Test liquid poises dynes/cm. Zn Cu Fe G 

n-Tetradecane ... . . w w w . . 
Kerosene ... 26.2 w w w w 
Transformer oil 0.22 29.7 w w w . . 
Light naphthene base oil ... . . w w w . . 
Turbine oil 0.53 30.0 w w w w 
Medium motor oil 1.33 31.0 w w w . . 
Nujol ... . . w w w w 
Turbine oil with 2% oleic acid 0.53 30.2 o o o w 
Turbine oil with 5% oleic acid .52 30.0 o o o . . 
Sperm oil .28 31.8 .. . . . . . . 
Porpoise jaw oil .32 29.1 o 0 o . . 
Neat's-foot oil . . .  . . o o o . . 
Olive oil .66 32.2 o o o . . 
Lard oil .90 32.0 o o 0 . . 
Oleic acid .37 31.5 o o o w 

(c) Preferential Wetting of Powdered Materials.-Davis and Curtis4 

have described a simple method of obtaining qualitative information on the 
relative interfacial tensions of powdered solids against water as compared 
to  their interfacial tensions against organic liquids not miscible with water. 
The solid particles, completely immersed as a paste in one of the liquids, 
say liquid o, are brought into intimate contact with the second liquid, w, 
by stirring into the paste a quantity of the second liquid. The particles 
choose to remain in liquid o if, and only if Tm, < T,,. If the reverse is 

(4) Davis and Curtis, Ind. Eng. Chem., 24, 1137 (1932). 
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true, that is, if T,, < T,,, then, on the principle of minimum energy, the 
particles will be preferentially wetted by liquid w, into which they will pass 
and remain. 

Davis and Curtis applied the test to 15 different powdered solids, and 
used on each solid eleven fatty oils, two mineral oils and several other 
organic liquids. They found, with few exceptions, that the fatty oils 
displaced water from the surface of all the solids and that water in turn 
always displaced the mineral oils. No powdered metals were tested by 
Davis and Curtis, but in the present investigation their procedure has been 
applied to tests on powdered zinc, copper and iron, using the liquids listed 
in Table I. A powdered glass, G, such as is used in baked enamel coatings 
was also tested with several of the liquids. The results are given in tabular 
form below, together with the values for viscosity and surface tension of the 
liquids used here and in the spreading tests to be described later. The 
surface tension and the viscosity were determined at room temperature; the 
former with the du Noiiy tensiometer with the aid of the correction factors 
given by Harkins and J ~ r d a n ; ~  the latter with the Michell viscometer. 

It will be observed that in every instance the fatty oils and the liquids 
containing the fatty acid displace water from the metal powders, and that 
water, in turn, displaces the petroleum oils. In other words, the metals are 
preferentially wetted in the order fatty liquid-water-petroleum oil, or 

Tmf < Tmm < Tmp (3) 

wherej, w and # represent, respectively, fatty liquid, water and petroleum 
oil. While the tests are only of a qualitative nature, yet, from the inter- 
facial tension measurements of oils against mercury and from the very 
clean-cut manner in which the oils displace or are displaced by water in the 
present experiments, it seems safe to state that the difference between 
Td and T,, must be considerably greater than the slight differences 
between the surface tensions of the fatty liquids and the petroleum oils. 

It is not possible to say from these experiments which of the two classes 
of organic liquids shows the lower interfacial tension against glass. The 
experiments described below indicate, however, that against this solid, also, 
the fatty materials show a lower interfacial. tension than the mineral oils. 

(d) Deflocculation of Pastes.-An interesting experiment consists in 
mixing 10 or 20 g. of some very finely divided solid such as zinc oxide, 
powdered glass, powdered zinc, copper or iron into a paste with kerosene 
and then adding a drop of oleic acid. Only enough of the kerosene should 
at  first be used as will wet the powder completely, yielding a paste so stiff 
that i t  can be molded into an upright prism. Considerably more kerosene 
can now be stirred in without changing the consistency noticeably, but if a 
single drop of oleic acid is added, the mixture, when stirred, becomes so thin 
that it will run far out over the plate. 

15) Harkin4 and lordan, THIS JOURNAL. 62, I751 (1930). 
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For a similar experiment in which poppy seed oil took the place of oleic 
acid, Green6 was able to show by photomicrographs that the pigment in the 
stiff paste was flocculated, whereas in the thin cream, which resulted from 
adding a drop of fatty material, the particles were evenly dispersed. The 
interpretation is that the fatty oil or fatty acid lowers the interfacial tension 
between solid and liquid to such an extent that no flocculating tendency 
remains. As long as a high interfacial tension prevails between solid and 
liquid the fine particles clump together to eliminate as much of the interface 
as possible. 

The evidence of the experiments presented under (a), (b), (c) and (d), 
above, as well as others, such as heats of wetting, etc., which could be 
mentioned, is to the effect that the interfacial tension between metals and 
fatty oils and fatty acids is substantially less than between metals and 
petroleum oils. On the basis of the accepted theories of spreading, the 
spreading tendency of the fatty oils and fatty acids should then be corre- 
spondingly greater. 

0 20 40 60 80 100 120 140 160 
Time, hours. 

Fig. 1 .-Spreading experiments on steel. 

Spreading Experiments on Metal Plates 

Figure 1 shows characteristic spreading graphs for droplets of various 
oils on brightly polished steel plates. In these graphs the ordinates repre- 
sent the amount of spreading defined as the ratio of the area covered by the 
spreading layer at a chosen time to the initial area covered by the droplet, 
The initial area cannot be determined with precision, and a high degree of 
reproducibility is not obtained in duplicate experiments 

(6) Green. Ind.  Eng. Chcm., 15, 122 (1923). 
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The test plates were polished to a mirror finish on wet broadcloth using 
chromium oxide as abrasive. They were kept level during the experiments 
and were protected from dust 
by suitable covers. An ample 
supply of fresh air was provided 6 16 
in all cases. 0, 'a 

Figure 2 represents the be- '"0 14 
havior of several oils on polished 8 

4 surfaces of cadmium. It was - 12 
not found possible to obtain as 1: 
bright a polish on this metal as 
on steel, but, aside from this, k 

9 8 
the tests on cadmium and on 2 
steel were conducted under simi- ';3 

2 6 lar conditions. The shape of the s 
2 curve for turbine oil is largely '"0 4 

hypothetical as only the initial a 

and final areas were measured. .$ 2 
In Fig. 3 the spreading liquid 

is a thin mineral oil. The non- 0 

spreading drop is olive oil. Both 0 4 8 12 16 20 24 
Time, hours. 

drops were of the Fig. 2.-+preading experiments on cadmium. 
same size and both were put on 
the plate a t  the same time, about twenty hours before the picture was taken. 

The behavior of mineral oils on a metal plate can be described by saying 
that each droplet flattens rapidly into a thin layer which seems to continue 

to spread indefinitely. In many 
instances the spreading has been ob- 
served to continue long after the 
layer has become so thin that sev- 
eral orders of color appear With 
an oil as volatile as kerosene the area 
covered reaches a maximum in a few 
hours, after which the layer disap- 
pears due to evaporation. 

Droplets of lard oil, olive oil and 
of mineral oils containing 5% or - 
more of oleic acid spread only dur- Fig. 3.-Relative spreading of fatty oil 

(F) and mineral oil (M) on steel plate. ing the first few minutes after being 
placed on the plate. The lowest 

curves on Figs. 1 and 2 are representative. Porpoise jaw and sperm are 
exceedingly thin oils and have more marked spreading tendencies than 
other fatty oils. Mineral oils containing only 1 or 2% of fatty acid show 



about the same behavior as fatty oils on cadmium, but on steel and several 
other metals their behavior is peculiar and striking, and will be described 
in a later section. 

Cadmium was chosen as one of the test metals because of its close rela- 
tionship to mercury in the Periodic Table. If cadmium is affected in the 
same manner and to a similar degree as mercury by fatty and mineral oils, 
then the interfacial tension between cadmium and the three oils whose 
curves are shown at the bottom of Fig. 2 must be about 20 to 40 dynes per 
cm. less than the interfacial tension between cadmium and the turbine oil. 
The greatest difference in the surface tensions of the oils is 2.2 dynes per cm. 
By Equation (2), the lard oil, the olive oil and the turbine oil containing 
fatty acid should thus possess the greater spreading tendency. Experi- 
mentally these oils are observed not to spread to an appreciable extent. 
The spreading of liquids on solids seems, therefore, to be determined in 
many cases by factors other than the energy requirements. 

Behavior of Fatty Acids and of Oils Containing Fatty Acids on Flat 
Plates 

When a drop of oleic acid is placed on a clean polished surface of 
steel it apparently does not wet the plate a t  all, but can be rolled about 
in much the same manner as a drop of mercury.' A film of mineral oil 
spreading on the plate is halted abuptly a t  the invisible path along which 
the oleic acid has passed, thus giving evidence of the deposition of an 
exceedingly thin film on that part of the plate with which the drop has 
been in contact. The path of the drop can also be brought out strikingly 
to  the eye merely by breathing on the plate when it is cool. Gentle etching 
with fumes from inorganic acids will likewise make the path of the drop 
visible. 

The above effects seem to occur for a fairly wide variety of materials. 
They have been observed in this investigation for oleic acid, for melted 
capric, palmitic and stearic acids and for melted cetyl alcohol on steel, 
brass, babbitt, glass and mica. Several of ths common fatty oils such as 
castor, lard and olive manifest a somewhat similar behavior, but to a less 
marked degree. Cadmium and platinum seem to be wetted in the ordinary 
sense of the word by all of the liquids mentioned above. This may be due, 
in part, to the difficulty of getting a sufficiently smooth polish on the 
surfaces of these metals. 

Mineral oils which spread rapidly on ordinary metal surfaces seem to 
have no spreading tendency when placed on a metal surface which is 
covered with the invisible fatty acid film. The film thus seems to be 
similar to the neutralizing surface layer (epilame) described by W ~ o g , ~  

(7) This effect was first noticed by one of the authors (G. H. S. S.) in September, 1931. 
(8) Paul Woog, Comfit. rend., 181, 772 (1925). See also "Contribution l'fitude du Graissage," 

Delagrave. Paris. 1926. 
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but its thickness is probably only a small fraction of the thickness of the 
layers of stearic acid deposited by Woog's patented process. Indeed, 
there is good reason to believe that the drop of fatty acid leaves behind it 
only an adsorbed film, which is, therefore, perhaps only a few molecules in 
thickness. For instance, the surface may be rinsed several times in benzol 
without removing the film. 

The effect of the adsorbed film in reducing the wettability of the metal 
surface by mineral oils goes further. This was demonstrated by rolling 
several drops of fatty acid across a plate, and then dipping the lower half 
of the plate into a beaker of mineral oil. When the plate was withdrawn 
the clean metal retained a relatively thick layer of oil for an indefinite 
period, but all the oil ran off those portions which the fatty acid drops had 
touched. 

Another detail of interest was observed when a drop of oleic acid was 
placed just on the edge of a very 
shallow pool or layer of motor oil 
on a polished plate. The plate was 
level so there was no tendency for 
the drop to roll by gravity. I t  
moved, nevertheless, of its own ac- 
cord into and through the layer of 
oil, mixing with the portion in its 
path, and leaving behind on the 
steel only the adsorbed film with no 
visible trace of liquid (Fig. 4). For 
experiments in which the layer of 

Fig. 4.-Action of a drop of oleic acid tTv the when placed at 0 on the edge of a spread- 
of fatty acid was often observed to ing layer of mineral oil. 
traverse the entire width of the pool 
and then to turn about and recross in the opposite direction, wiping out a 
continuous path all the way. 

One additional group of observations may be described, after which an 
explanation of these phenomena will be attempted. When a drop of thin 
mineral oil containing 1 or 2% of oleic acid was placed on a polished steel 
plate i t  spread rapidly outward for a few minutes, at which time a hole 
appeared in the layer near its edge. This hole became elongated, ex- 
panding parallel to the circumference of the spreading layer. The main 
body of the oil pulled inward as the rupture progressed, until a t  last the oil 
was completely separated into two portions: a surrounding ring which 
continued to expand outward at  a more rapid rate than the ordinary spread- 
ing, and an inner pool which contracted to a relatively small radius and 
then remained dormant (Figs. 5 and 6). On the metal surface between 
these two portions no liquid was visible. The surface was found to be 
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covered with an adsorbed film similar in all respects to the one obtained 
from the pure acid. 

On steel and on several other solid surfaces, solutions of various fatty 
acids in oil were found to behave in a somewhat similar manner. Some 
combinations were more active than others. Solutions of capric acid and 
palmitic acid in oil seemed to be more energetic than oleic acid in oil. 

Fig. 5.-Ring commencing to break Fig. 6.-Later stage of ring mechanism 
away (two per cent. of oleic acid in kero- (same view as Fig. 5 four minutes later). 
sene on steel). 

Stearic acid solutions were almost inert. Fresh mica surfaces were some- 
what more active than steel. For the more active combinations such as 
solutions of palmitic acid on steel or mica, the spreading layer sometimes 

a ~ ~ e a r e d  actuallv to flv to ~ieces  on 

compounded oil used, which was 
Fig. 7.-Configuration after explosive 

spreading (two per cent. of palmitic acid found to possess the type of activity 
in kerosene on steel). mentioned here. On steel, drops of 

castor oil were observed to move 
slowly, leaving behind long thin arms of liquid. On fresh mica, the drop 
as a whole traveled about leaving no visible liquid behind. 

The ability of a solid surface to produce the effects mentioned was found 
to be greatest immediately after the surface had been polished, and to 
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decline rapidly with time of exposure to the laboratory atmosphere. This 
was evidently due to moisture or oil vapors, for when the surface was kept 
in a clean dry atmosphere the activity was found to have suffered only 
slightly after a period of sixteen hours. 

The effect of concentration of the fatty acid in the oil was tried. From 
0.1% up to saturation-about 2%-solutions of pahitic and capric acid 
in kerosene showed little change in behavior, except that a t  the lower 
concentrations more time was required before rupture occurred and the 
break started farther in from the edge. With oleic acid, which is more 
soluble in oils, it was possible to go to higher concentrations, and the results 
are considered to be of significance in arriving at an explanation of the non- 
spreading of fatty oils and fatty acids in general. 

0 2 4 (i -2 days 
Time, minutes. 

Fig. 8.-Spreading of a high viscosity compounded oil on steel. 

At concentrations of oleic acid in kerosene less than one-half of 1% the 
initial rupture of the spreading layer was considerably delayed, and the 
ring which detached itself was wide. At 1% the rupture occurred sooner 
and closer to the edge of the spreading layer. At 2% the time before rup- 
ture was still less and the ring which detached itself was thinner than ever. 
At 5% the break often appeared to be just at the edge, and in several in- 
stances no visible ring could be observed to detach itself. In these cases a 
wave of contraction started a t  some point in the edge very shortly after 
the drop was placed, and spread around the periphery, the drop pulling 
itself inward as the wave progressed and then remaining completely 
dormant. At 10% no ring was ever seen, but the contraction of the drop 
immediately after placing was still visible. At higher concentrations this 
effect also disappeared, probably because it occurred too quickly to be 
observed. 

For oils of higher viscosity, less fatty acid is requiredTto make the rupture 
occur at  or near the edge of the drop. For an oil of cylinder stock grade, 
1% of oleic acid may be sufficient to produce a visible contraction of the 
drop after an initial period of spreading, without the appearance of any 



visible fringe or ring. Figure 8 is plotted from measurements made on 
such a drop with a cathetometer. 

Relation of the Experimental Results to the Non-Spreading of Fatty 
Oils and Fatty Acids 

Certain similarities exist between the behavior of fatty acids and fatty 
oils on water and their behavior on metals as described above. 

Oleic acid spreads rapidly on the surface of clean water to give a layer of 
visible thickness, which at  once gathers itself back up into a drop. The 
water is left covered with an adsorbed film which reduces the surface 
tension to a low value. The regathering of the bulk of the material into a 
drop comes about as a consequence of the low surface tension of the water 
when covered with such a film. 0liic acid does not spread of its own 
accord on a polished plate, but if it  is forced to spread into a thin layer by 
mechanical means it will at  once gather itself back up into a drop when the 
applied force is removed. Moreover, the area with which it has been in 
contact will remain covered with an adsorbed film. 

The surface energy of the metal so covered will be low, as in the case of 
water. The value will be considerably less than that of clean metal and 
substantially less than that of metal covered with mineral oil. This was 
demonstrated for the case of metal powders and mercury in a previous 
section; the experiments describing the behavior of fatty acids and of oils 
containing fatty acids on flat plates confirm the essential correctness of 
this view. For instance, mineral oils will not spread on or readily adhere 
to  the surface of metal covered with the adsorbed film. The fatty acid 
itself will not wet such a surface as shown by the rolling &ect and the 
gathering into a drop. Again, when a drop of oleic acid travels of its own 
accord through a thin layer of mineral oil on a polished plate, and removes 
the oil from the surface, it is believed that the driving power responsible 
for such behavior is the considerable lowering of the surface energy of the 
metal which occurs when the mineral oil is replaced by fatty acid. 

When mineral oils containing a small amount of fatty acid spread and 
rupture on solid surfaces the behavior is similar, and the cause of rupture is 
the same as when the spreading of such liquids takes place on water, 
The phenomena are well known for spreading on water and mercury; they 
have been described often, and have been beautifully illustrated by Beilby 
and by D e v a ~ x . ~  Therefore, only a brief discussion of the main features 
as applied to spreading on solids will be given here. 

When a drop of petroleum oil containing some fatty acid is placed on a 
polished plate, the petroleum portion spreads in its normal manner; the 
fatty acid is preferentially adsorbed on the solid surface, and lowers the 
interfacial tension between solid and liquid to such an extent that a condi- 

(9) Sir George Beilby, "Aggregation and Flow of Solids," Macmillan and Co , London, 1921 
Henri Devaux, Kolloid-Z., 68, 129 (19.32). 
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tion of unstable equilibrium arises. The reason for this instability is 
comprised in the principles underlying Young's equation (I). It is perhaps 
sufficient merely to state in words that on an area of low surface energy the 
stable configuration for a small portion of liquid is not that of an extended 
film but that of a drop. At a certain minimum thickness of liquid layer, 
rupture therefore occurs. Any portion of oil in the midst of an area 
covered with the adsorbed film can only pull itself together into a drop; 
this is the situation for all the oil when the underlying substance is water or 
mercury. For spreading on solids, however, not all of the surface has been 
contaminated when rupture occurs, and the oil in contact with clean metal 
therefore continues to spread outward.1° 

A mechanism which may be responsible for the non-spreading of fatty 
oils and fatty acids is suggested by the experiments with kerosene contain- 
ing varying percentages of oleic acid. For low concentrations the adsorbed 
film between the oil and metal seems to require more time to become 
organized completely than for high concentrations. It may be supposed 
that this film commences to form when the drop first touches the metal, 
and that i t  grows outward a t  a rate which is some direct function of the 
concentration of fatty acid. At low concentrations, therefore, not only 
will the rupture be delayed more than for high concentrations, but, when 
rupture is imminent, the advancing edge of the liquid layer will in general 
be farther away from the region in which the probability of rupture is the 
greatest. The break will occur closer and closer to the edge as the con- 
centration is increased, until the ring which spreads outward becomes too 
thin to be seen. At very great concentrations it may be only of molecular 
dimensions. In all cases, however, the oil on the inward side of the rupture 
is pulled further inward by surface tension when rupture occurs, and is 
prevented from exhibiting any further spreading tendency by the sur- 
rounding area of metal of low surface energy. 

This has been observed to be the mechanism of the non-spreading of 
mineral oils containing moderately high concentrations of oleic acid. The 
same explanation may be assumed for fatty oils and fatty acids if there 
exists in such liquids a small amount of a less active but spreading ingredi- 
ent which permits the functioning of the mechanism described. Even for 
pure fatty acids a similar view can be held by considering the molecules as 
requiring a t  least a short time to become oriented on the surface. The ring 
which would be pi:tured as detaching itself in such a case would be a ring 
of unoriented molecules which would rapidly exhaust its substance in 
covering the metal surface to a very short distance beyond the edge of the 
drop. 

(10) The ring or droplets which result from the rupture of the original layer move faster than the 
ordinary spreading rate, prohably because the forces of surface tension roll the liquid up from the rear 
as fast as it spreads outward in the front. There is thus always maintained a hydrostatic head many 
times greater than that which is present in a normally spreading layer of oil. 



The situation presented is somewhat curious. It might be said that 
mineral oils spread mainly because they reduce the surface tension of 
solids to a low value. With regard to fatty oils, fatty acids and mineral 
oils containing relatively large amounts of fatty acids, it becomes necessary 
to  state that they fail to spread although they reduce the surface tension 
considerably more. 

The paradox is adequately explained, for the case of the solutions of oil 
and fatty acid, by the ring mechanism which is easily and directly observed. 
For pure fatty oils and fatty acids the same mechanism suggests itself as a 
possible and reasonable explanation, although here other factors may 
have to be considered, especially for such materials as possess an appreci- 
able vapor pressure. A high concentration of oleic acid vapor effectually 
prevents the spreading of mineral oils on a steel plate initially clean, pre- 
sumably by condensing as an adsorbed film and lowering the surface tension 
of the metal. I t  seems likely that the condensation of vapor from a drop 
of oleic acid or fatty oil onto the immediately adjacent surface might 
similarly prevent the spreading which would be predicted for such a drop 
from energy considerations alone. 

Adamu has suggested that the mechanism of spreading of a liquid layer 
on solids is the evaporation of the spreading material near its edge, followed 
by recondensation on the solid surface. The question might reasonably 
be asked as to how one and the same mechanism could produce spreading 
in the case of mineral oils, and prevent i t  in the case of fatty liquids. The 
probability that this situation actually prevails seems not to be great, but 
its possible existence may be admitted for the time being. 

The azswer to the above question would then seem to be that in the case 
of the fatty liquids the surface tension of the metal is reduced to such a low 
value by the condensed film as to make a liquid layer thereon unstable. 
If a layer thick enough to have the properties of a liquid should build up for 
a short distance beyond the drop, this layer would at  once contract inward 
by reason of its own surface tension, and because of the low surface energy 
of the adjacent metal which, in the meantime, would have become covered 
with an adsorbed film. 

An equally acceptable and perhaps simpler view is that when a liquid 
spreads, the liquid flows outward as liquid at  the margin of the spreading 
layer, under the strong attractive influence of the solid surface molecules. 
If this point of view is adopted, the question discus$ed above does not 
present itself. 

Regardless of what may be the mechanism of spreading, there can be 
little doubt that, in the case of fatty oils and fatty acids where the expected 
spreading fails to occur, the reason for the non-spreading is to be found in 
the fact that the surface energy of the metal surrounding the drop is re- 

(11) Adam, "The Physics and Chemistry of Surfaces," Oxford. 1930. 
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duced to such a low level as to make a liquid layer on the metal unstable. 
This reduction in surface energy is brought about either by the ring mecha- 
nism described in this paper, by the condensation of vapors in advance of 
the spreading layer or, perhaps, by a combination of both. Mineral oils 
and mineral oil vapors also reduce the surface energy, but not to a sufficient 
extent to make a thin liquid layer on the metal unstable. 

Other Suggested Explanations.-The literature seems to contain no 
previous mention of the anomaly of the non-spreading of the fatty oils and 
fatty acids, and there are consequently to be found but few suggestions of a 
helpful nature as to its cause. Harkins and Feldman2 are of the opinion 
that practically all organic liquids should spread readily on all clean metal 
surfaces because many such liquids spread readily on water, and "since the 
free surface energy of solids is in general much higher than of liquids, and 
since in general the interfacial tension is less than that of the surface tension 
by a greater amount.'' These authors suggest that cases of non-spreading 
of liquids on solids are to be explained by the presence of impurities on the 
surface which lower the free surface energy. 

The arguments set forth in the present paper constitute further sub- 
stantiation of the view of Harkins and Feldman that, on the basis of energy 
considerations alone, organic liquids should spread on clean solid surfaces. 
The presence of impurities on the surface, however, seems inadequate to 
explain the non-spreading of fatty oils and fatty acids. I t  is difficult to 
understand, for instance, what the nature of the contaminant could be 
which would interfere so slightly with the spreading of mineral oils on metal 
plates and at the same time entirely prevent the spreading of the fatty 
liquids which are possessed of the superior spreading tendency. 

Moreover, platinum can be cleansed of organic contaminants very 
thoroughly by heating to incandescence, and glass can be brought to  a 
comparable condition of cleanliness with the aid of strong acids. The 
spreading behavior of mineral oils and of fatty oils and fatty acids on sur- 
faces so cleansed is, nevertheless, qualitatively the same as on the metal 
surfaces used throughout this investigation. In general the behavior is 
the same also on surfaces of mica freshly exposed by cleavage. 

A test which is generally recognized as a delicate one for detecting minute 
amounts of contaminants on a solid surface is to see how well the surface 
retains a film of water. All the experiments described in the present papers 
were made on surfaces which were clean in the sense that they were capable 
of being wetted perfectly by water. 

Woog'ss suggestion as to the reason for the non-spreading of fattfoils is 
more in keeping with the experiments described in this paper, although i t  
seems to have been made on the strength of meager evidence. No con- 
sideration is given to the energy relations involved, and there is no mention 
of the fact of an anomaly. His description of the manner in which drops of 
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mineral oil containing fatty acid spread a t  first and then contract into drops 
is similar to some of the effects described in this paper (Fig. 8). If any 
rings separated from the drops in his experiments he apparently did not 
observe them. This may account for his failure to suggest any suitable 
mechanism for the formation of the zone of oriented molecules which he 
postulates as surrounding the drops. 

Trillat and Cuypers12 have quoted Woog's explanation without sub- 
stantial modification. 

Summary 

Several lines of experimental evidence are described in support of the 
view that the interfacial tension between metals and petroleum oils is 
substantially greater than between metals and fatty oils or between metals 
and fatty acids. 

The energy requirements for spreading on solids being the same as for 
spreading on liquids, the fatty oils and fatty acids should spread more 
readily than mineral oils on metal surfaces. 

Experimentally, fatty oils and fatty acids spread little or not at  all while 
mineral oils spread apparently without limit. The non-spreading of the 
fatty liquids must, therefore, be regarded as anomalous. 

The higher fatty acids do not wet polished metal surfaces in the ordinary 
sense, but roll about freely. They deposit an adsorbed film on the surface 
which reduces the surface energy to a low value. 

Thin layers of mineral oil containing fatty acids rupture spontaneously 
on metal surfaces. The explanation is the same as when a similiar phe- 
nomenon occurs on water, namely, the formation of an underlying film of 
low surface energy. Thin layers are unstable on areas of low surface 
energy. 

Fatty oils and fatty acids are prevented from spreading on metal surfaces 
by the great reduction in the surface energy of the metal which is brought 
about to some distance in advance of the spreading layer by the breaking 
away of an expanding ring or by the condensation of vapors. 

PAULSBORO, NEW JERSEY RECEIVED JULY 28, 1932 
PUBLISHED JANUARY 11, 1933 

(12) J. J. Trillat, Metallwirtschaft, 4, 101 (1928); Paul Cuypers, Deut. Uhrmacher Z., Nos. 35, 
36, 37 (1927). 
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The Systems (I) Diphenyl-Diphenylamine, (11) Diphenyl- 
Benzophenone and (111) Benzophenone-Diphenylaminel 

BY H. HOWARD LEE AND J. C. WARNER 

This investigation was undertaken for the purpose of determining 
the freezing point-composition diagrams for the binary systems (I) di- 
phenyl-diphenylamine, (11) diphenyl-benzophenone and (111) benzo- 
phenone-diphenylamine. The system benzophenone-diphenylamine was 
investigated by Giua and Cherchi2 but their results are evidently in error 
over a considerable range of composition and we have consequently rein- 
vestigated the entire system. Each of the three compounds contains 
two phenyl groups. Diphenyl is non-polar but benzophenone and di- 
phenylamine possess electric moments of considerable magnitude. It 
was therefore considered of interest to compare actual solubilities to ideal 
solubilities in these systems. 

Materials.-The chemicals were Eastman's "Highest Purity" grade. 
The diphenyl was purified by crystallization from alcohol, washing with 
ether and drying in an oven a t  100'. The diphenylamine and benzo- 
phenone were distilled under reduced pressure. In each case recrystalliza- 
tion or redistillation was continued until no further change in melting 
point was observed. The melting points of the compounds used in the 
investigation are compared to the "International Critical Tables" values 
in Table I. 

TABLE I 
Melting point, OC. Heat of fusion,' 

Our material I. C. T. g. cal./mole 

Diphenyl 69.0 69.0 4020 
Diphenylamine 52.8 53.0 4260 
Benzophenone 47.7 48.5 4290 

The agreement in melting points is good except for benzophenone. 
It seems certain that the "I. C. T." melting point for benzophenone is 
in error since any number of recrystallizations or redistillations failed to 
yield a product of melting point higher than 47.7'. Furthermore, none 
of the seven reported investigations on binary systems with benzophenone4 
as one constituent shows a melting point for pure benzophenone above 
47.7O. 

This paper is based on a thesis submitted by H. Howard Lee to the Graduate 
Committee of the Carnegie Institute of Technology in partial fulfilment of the require- 
ments for the degree of Master of Science. 

Giua and Cherchi, Gazz. chim. ital., 49, 11, 264 (1919). 
"International Critical Tables," Vol. V, p. 134. 

4 "International Critical Tables," Voi. IV. 
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Temperatures were measured with 100' thermometers graduated in 
tenths of a degree. They were compared to a thermometer of the same 
type which had been calibrated by the Bureau of Standards. Correction 
for emergent stem was always made when the correction was equal to, 
or greater than, the experimental error. 

Experimental 
Weighed samples in test-tubes (15 mm. diameter) were placed in larger test-tubes 

which were immersed in a water-bath. The melt was allowed to cool with the bath. 
the temperature difFerence between 
the bath and the sample ranging be- 
tween a few tenths of a degree and 
several degrees depending upon the 
particular sample and the tempera- 
ture at  which observations were 
made. The samples were well agi- 
tated during cooling by a glass 
stirrer which encircled the thermom- 
eter stem. When undercooling oc- 
curred, the cooling curves were pro- 
jected back to intersect with the 
liquid cooling curve to obtain a more 
accurate primarycrystallization 
temperature. With some samples, 
particularly those containing high 
percentages of benzophenone or di- 

20 4 0 6 0 8 0  phenylamine, undercooling was very 
Mole per cent. of diphenyl. marked in spite of vigorous agita- 

Fig. 1.-Diphenyl-diphenylamine. tion and inoculation. In  such cases, 
the results obtained from cooling 

curves were checked by thermostating samples to determine the temperature a t  which 
the solid phase disappeared. 

(I) Diphenyl-Dipheny1amine.-The freezing point-composition dia- 
gram for this system is shown in Fig. l. The diagram is based upon the, 
data in Table 11. 

A sample having the eutectic composition (41.7 mole per cent. diphenyl) 
indicated by the intersection of the liquidus curves solidified at 29.6'. 
This is in good agreement with the average final solidification temperature 
of 29.5'. Assuming ideal solution behavior and constant heats of fusion 
(see Table I), the calculated eutectic temperature is 26.5' and the eutec- 
tic composition is 43.8 mole per cent. diphenyl. The solubility of each 
constituent in the other is therefore less than the ideal solubility. This 
should be expected since one component is polar and the other non-polar. 

Primary crystals of diphenyl which were separated from the liquid 
above the eutectic temperature melted sharply a t  68.8'. Similarly ob- 
tained crystals of diphenylamine melted sharply at  52.8'. Hence there is 
no appreciable solubility of the constituents in each other in the solid state. 
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TABLE I1 TABLEF I11 
Mole Final Mole Final 

p u  cent. Initial c st. solidification per cent. Initial cryst. solidification 
diphenyl temp.,%. temp., OC. diphenyl temp., OC. temp., OC. 

0.0 52.8 52.8 0.0 47.7 47.7 
18.0 44.5 22.8 35.0 
30.5 36.0 29.6 30.7 30.3 24.9 
35.4 33.6 37.2 25.9 
39.7 36.8 29.5 39.3 E 25.2 25.2 
41.7 E 29.6 29.6 42.5 28.0 25.0 
43.5 30.8 29.6 47.0 32.3 25.4 
46.7 34.1 29.3 54.2 38.5 25.2 
47.8 35.0 29.5 63.8 46.1 
52.3 39.0 29.5 78.0 56.2 
57.5 43.7 29.4 100.0 69.0 69.0 
64.6 48.6 
73.2 53.7 
84.5 60.9 

100.0 69.0 69.0 

(11) Diphenyl-Benzophenone.-The freezing point-composition dia- 
gram for this system, constructed from the data given in Table 111, is 
shown in Fig. 2. 

This system also shows a simple eutectic. According to the intersec- 
tion of the liquidus curves, the 
eutectic composition is 39.3 
mole per cent. diphenyl and 
the eutectic temperature is 70 

25.2O. A sample of this com- 
position solidified a t  25.2O. . 
The average of the four final 2 
solidification temperatures in $ Table I11 is 25.1°. Using the % 50 
method described under the $ 
previous system, we have 8 
shown that there is no appreci- ' 40 

able solubility of the consti- 
tuents in each other in the solid 30 
state. Assuming ideal solution 
behavior, we calculate that the 
eutectic composition should be 
41.3 mole per cent. diphenyl 20 40 60 80 
and the eutectic temperature Mole per cent. of diphenyl. 

should be 23.5'. Here again, Fig. 2.-Diphenyl-benzophenone. 

due to one constituent being polar and the other non-polar, solubilities are 
lower than ideal. 

(III) Benzophenone-Dipheny1amine.-The unbroken freezing point- 
composition curve in Fig. 3 is constructed from our data given in Table 



IV and the broken curve from our data in Table V. The dots in the 
figure represent points reported by Giua and Che r~h i .~  The curve shows 
a compound with equirnolecular quantities of diphenylamine and benzo- 
phenone and two eutectics; one a t  30 mole per cent. benzophenone and 

a t  34.1°; the other a t  74.5 
mole per cent. benzophenone 
and a t  31.9'. Due to the 

50 marked interaction between 
these polar compounds, solu- 

9 bilities are much higher than 
,- 40 
k4 

ideal. There is definite evi- 
C) dence that there are two forms 
1 
aJ 8 30 of the compound. If a sample 

consisting of the compound G composition is melted and then 
20 solidified in an ice-salt bath, 

crystals of the metastable com- 
pound are obtained. These 

20 40 60 80 crystals melt sharply a t  30.8'. 
Mole per cent. of benzophenone. When this melt is agitated, it 

Fig. 3.-Benzophenone-diphenylamine. solidifies completely, yielding 
crystals which melt sharply a t  

40.2O. Although the transition temperature has not been determined, it 
is definitely below room temperature. A sample of the metastable solid 

Mole 
per cent. 
benzo- 

phenone 

Initial 
cryst. 
temp., 

O C .  

Final 
solidifi- 
cation 
temp., 

OC. 

52.8 

Disap- 
pearance Mole Initial 

of per cent. cryst. 
solid, benzo- temp., 
OC. phenone " C. 

48.2 
50.0 Compd. 
54.5 39.7 
60.0 
66.5 
68.4 
70.5 34.5 
72.2 
74.5 3 
76.2 34.0 
77.6 34.0 
79.0 35.4 
82.4 37.3 
84.1 37.6 
89.4 42.1 
94.7 

100.0 47.7 

Final 
solidifi- 
cation 
te,mp., 

C. 

Disap- 
pearance 

of 
solid, 

O c. 
40.1 
40.2 
40.0 
38.7 
37.0 
35.4 
34.4 
33.5 
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Mole per cent. 
henzophenone 

27.0 ~ 

34.8 E' 
35.8 
42.6 
48.2 
50.0 (M.S. Compd.) 
62.8 
67.8 
70.5 E'(?) 
73.6 

TABLE V 

METASTABLE COMPOUND 

Initial cryst. 
temp., O C .  

36.3 
28.6 

Final sotidifi- 
cation temp., OC. 

28.6 
28.8 
28.6 
28.6 

compound was largely converted into stable solid in fifteen hours a t  room 
temperature. 

In general, on cooling melts containing from 31 to 74 mole per cent. 
of benzophenone, initial crystallization temperatures which fall on the 
metastable curve will be obtained unless the samples are carefully inocu- 
lated with crystals of the stable compound. Due to the marked tendency 
of the compound and of benzophenone to undercool, most of the points 
on the unbroken curve (Fig. 3) were obtained by thermostating samples 
for eight to twelve hours to determine the temperature a t  which the last 
of the solid phase disappeared. However, a number of points were checked 
by carefully determining the temperature of initial and final crystallization. 

Up to 30 mole per cent. and in the range above 75 mole per cent. benzo- 
phenone, the data reported by Giua and Cherchi, based entirely on cooling 
curves, are in fair agreement with ours. In the region 30 to 75 mole per 
cent. benzophenone, their curve is somewhat similar to our metastable 
curve, but most of their points are too low, evidently due to undercool- 
ing. I t  is very difficult to obtain reliable data in the vicinity of the eutec- 
tic between metastable compound and benzophenone. This eutectic 
temperature may be in error by as much as 2 or 3'. 

Summary 

1. The freezing point-composition diagram for the system diphenyl- 
diphenylamine shows a simple eutectic a t  41.7 mole per cent. diphenyl. 
The eutectic temperature is 29.5'. 

2. In  the diphenyl-benzophenone system, there is likewise a simple 
eutectic a t  39.3 mole per cent. diphenyl with a eutectic temperature of 
25.2'. 

3. Diphenylamine forms an equimolecular compound with benzo- 
phenone. The stable compound has a melting point of 40.2'. The eutec- 
tic between compound and diphenylamine occurs a t  30.0 mole per cent. 
henzophenone and a t  34.1'. The eutectic between compound and benzo- 
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phenone occurs a t  74.5 mole per cent. benzophenone and a t  31.9'. Evi- 
dence is presented for the existence of a metastable form of the compound 
with a melting point of 30.8'. 

The Kinetics of the Thermal Decomposition of Trichloromethyl 
Chloroformate 

BY H. C. RAMSPERGER AND G. WADDINGTON 

Trichloromethyl chloroformate gas is known to decompose a> 300' to 
give two molecules of phosgene1 as shown by the equation 

ClCOOCClo = 2COCl2 (1) 

The liquid can be decomposed a t  room temperature by the addition of 
various metallic chlorides such as aluminum chl~ride,l>~ in which case, 
however, the reaction is 

ClCOOCCl, = COz + CCl, (2) 

The rate of the thermal decomposition in the gas phase has been studied 
by us between 260 and 310' and in the pressure range 4 to 17 mm. with the 
intention of providing further data on unimolecular reactions. 

Preparation of the Compound.-The method of preparation was similar to that of 
other investigat~rs,l*~ namely, the photochemical chlorination of methyl formate. A 
100-cc. portion of methyl formate was placed in an all-glass apparatus provided with a 
reflux condenser cooled with ice and salt to prevent loss of the very volatile methyl 
formate. The flask containing the methyl formate was illuminated by a 500-watt lamp 
placed just above it. To avoid explosions illumination was commenced before the slow 
stream of "tank" chlorine was passed in. The temperature was kept a t  about 30" 
during the initial stages of the reaction. As the chlorination progressed the chlorine was 
passed in more rapidly and the temperature was gradually increased until finally it 
reached about 90". Chlorination was complete after thirty hours. 

A portion of the product was distilled under reduced plessure in a small all-glass 
apparatus provided with a fractionating column and condenser. The middle fraction of 
a sample, which boiled between 50.0 and 50.1 under 48 mm. pressure, was collected in a 
bulb containing calcium chloride. This supply was frozen with a carbon dioxide- 
ether mixture, sealed onto a high-vacuum line, pumped off and allowed to diiuse over 
into a second bulb immersed in carbon dioxide-ether, after which the original container 
was sealed off. The sample (A in Fig. 1) could be partially evaporated into the 500-cc. 
bulb B, frozen back into A and any non-condensed gas pumped off. Repetition of this 
process ensured the elimination of dissolved gas. 

Apparatus and Experimental Method.-A diagram of the apparatus is shown in 
Fig. 1. CI, Ce and Cs are stopcocks specially designed to handle corrosive gases; these 

Hentschel, J. firakt. Chem., [2] 36,99,209,305,468 (1887). 
Grignard, Rivat and Urbain, Ann. chim., 9 [13], 229 (1920). 
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have been described in detail elsewhere.' D is a mercury boiler, and E the reaction cell, 
which was heated to the desired temperature by boiling the mercury under a constant 
pressure, maintained by having a twenty-liter bottle connected with the system and ad- 
justing by hand the small pressure changes due to changes in the room temperature. 
The cell was sealed to the boiler a t  F with a cement of litharge and glycerin and this was 
coated with sealing wax. This joint was cooled by a copper coil carrying a stream of 
water. This arrangement permitted the cell to be replaced easily by another celI and 
made it possible to use cells of various kinds of glass. The cells had a voiume of about 
125 cc., and the external volume in the tubing, stopcock and click gage was about 
1.5 cc. No corrections were made for this small outside volume in the calculation of 
rate constants. 

Fig. 1.-Apparatus. 

Pressures were measured by means of the click gage G,4 which was operated by ad- 
mitting air through the controlled leak H until the click was heard. The pressure in the 
click system was then measured by means of a McLeod gage designed so as to measure 
accurately pressures of from 1 to 5 cm. In filling the cell the opening and closing of the 
stopcock C3 required only a few seconds. Time measurements were started on closing 
CS Pressure measurements were then made at  time intervals chosen so that the pres- 
sure increments were approximately equal, and were continued until the reaction was 
about 80y0 complete. The final pressures were obtained by allowing the reaction to go 
to completion; in the runs a t  lower temperatures time was saved by completing the re- 
action at  a higher temperature and using the gas laws to calculate the final pressure a t  the 
lower temperature, it having been shown that the gas laws were obeyed by the reaction 
products. 

Chemical Nature of the Reaction.-According to both equations (1) and (2) the 
final pressure should be exactly twice the initial pressure. This was verified by admit- 

Ramsperger, Rev. Sci. Instruments, 2,738 (1931). 
Smith and Taylor, THIS JOURNAL, 46,1343 (1924). 



ting the compound to the cell and measuring its pressure at  a low temperature where de- 
composition was negligibly slow. The temperature was then raised and the reaction 
carried to completion. The gas laws had been shown to be obeyed by the compound a t  
lower temperatures. In this manner the final-to-initial pressure ratio was found in 
three experiments to be 1.99,2.00 and 1.986. To distinguish between reactions (1) and 
(2) the reaction products, a t  about 3 cm. pressure, were frozen out in a side-tube with a 
carbon dioxide-acetone mixture a t  -79 to -80' The pressures from three experi- 
ments were 5.4,5.6 and 5.0 mm., agreeing quite well with the vapor pressure of phosgene 
a t  this temperature, which is about 6 mm., and indicating that there could be no appre- 
ciable amount of carbon dioxide, carbon monoxide or chlorine formed. Freezing out 
with liquid air gave zero pressure in one case and about 0.05 mm. in another experiment, 
indicating the absence of non-condensable gases such as carbon monoxide. A direct 
analysis of the reaction product by hydrolyzing with excess standard sodium hydroxide 
and back-titrating with standard hydrochloric acid using methyl orange indicator gave 
98y0 of the amount of acid required if the product were pure phosgene. Incomplete 
hydrolysis may account for the slight discrepancy. The evidence is thus quite strong 
that phosgene is the only product formed. 

From the known free energy of formation of phosgene from carbon monoxide and 
ch l~ r ine ,~  it is found a t  290° and a partial pressure of 1 cm. of phosgene that phosgene 
would be about 30% dissociated a t  eqtiilibrium. It is also known that the rate of de- 
composition of phosgene at  the above temperature is negligible.' Our experiments show 
definitely that only phosgene is formed; this would suggest that the rupture of the tri- 
chloromethyl chloroformate molecule gives two molecules of phosgene as the immediate 
products. Pure phosgene could not be produced from carbon monoxide and chlorine 
formed initially and subsequently recombining, for then the equilibrium between phos- 
gene, carbon monoxide and chlorine would be produced. 

Experimental Results 

First order rate constants were calculated by the interval method using 
the ecluation 

where P,, and P,, are the partial pressures of trichloromethyl chloro- 
formate at  times tl and tz in seconds. Approximately equal amounts of 
reaction occurred during these time intervals. We have averaged these 
interval constants to obtain a rate constant for the run. No more refined 
statistical procedure used in obtaining an average constant would have 
made any material difference because of the exceptionally good first order 
rate constants obtained during the course of each run. 

Since it was not possible to obtain a pressure reading until a t  least one- 
half minute after the beginning of a run, it was more accurate to calculate 
the partial pressure from the final pressure, using a factor of exactly two 
for the final-initial pressure ratio, this being justified by the experiments 
previously referred to. 

Table I gives the complete data for three runs. The first column of 
figures refers to total observed pressures while the second column gives the 
partial pressures of trichloromethyl chloroformate. 

6 Bodenstein and Plaut, Z. phys. Chew., 110,399 (1924). 
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TABLE I 
COMPLETE DATA OF THREE EXPERIMENTS 

Experiment 2. T = 290.0 "C. PI = 1.576 em. 
P,  em. Pt 1, sec. k X 103 (sec.3) 

1.576 1.576 0 
1.712 1.436 63 
1.888 1.260 181 1.11 

2.087 1.061 334 1.12 

2.279 0.869 513 1.11 

2.484 .664 760 1.09 

2.708 .440 1164 1.10 

3.152 . 000 

Experiment 5. T = 280°C. Po = 1.503 
1.503 1.503 0 

Experiment 9. T = 305.0°C. Po = 1.333 
1.333 1.333 0 
1.509 1.157 50 
1.886 0.779 188 2.87 

2.129 .536 320 2.83 

2.273 .392 432 2.79 

2.423 .242 596 2.94 

2.666 . 000 

When no change in the nature of the cell was made or no extra surface 
was added, the average rate constant was exceptionally reproducible. 
It was found early in the research that there was some effect of the cell wall 
on the rate. This is best illustrated by Fig. 2, in which log k is plotted 
against 1/T for two series of runs. Series A was made in a Pyrex cell 
containing Pyrex tubing, the cell and contents having been treated with a 
chromic acid cleaning solution, while Series B was carried out in an empty 
Pyrex cell which had merely been wiped free of dust and flamed very 
thoroughly. 

The curvature exhibited by the plot of Series A runs indicates that in 
these runs there were two simultaneous reactions differing in energy of 
activation, while the straight line of Series B shows that the reaction was 
homogeneous or very nearly so. All Series B runs, particularly those a t  
lower temperatures, have lower rates than those of Series A. The results 
of Series A are typical of reactions in which in addition to a homogeneous 
reaction there is present a heterogeneous reaction of lower energy of acti- 



vation. In Series B the heterogeneous reaction has been practically 
eliminated. When, however, the surface-to-volume ratio was increased 
tenfold by adding, to the cell used in Series B, Pyrex tubing which had been 
wiped clean and flamed, there was an increase of 15 or 20% in the rate at  
290". If we assume that the original surface had the same catalytic 
activity as the added surface, then the wall reaction in Series B runs would 
amount to only about 2%. This fact, together with the straight line 
obtained in Fig. 2, is good evidence that these runs are practically homo- 
geneous. 

168 173 178 183 188 
1/T X lo6. 

Fig. 2.-Curve A, cell packed with Pyrex tubing; Curve B, 
cell empty. 

Many further unsuccessful attempts, using cells packed with tubing, 
were made to obtain surfaces free from catalytic activity. More careful 
flaming of the tubing sometimes gave results similar to those just described 
but in other cases the rates were faster. Various chemical treatments, such 
as thorough washing with cleaning solution, hot nitric acid or sodium 
hydroxide solution, again gave results similar to Series A. Treating the 
cell with hot concentrated hydrochloric acid often gave results which were 
identical with those of Series B, but with added tubing similarly treated the 
rates were again 15 to 20% faster. Soft glass or quartz cells gave rates 
which were 10 to 20% faster than Series B runs, The use of different 
samples of trichloromethyl chloroformate never altered the rate which had 
been characteristic of the cell used. 

From the slope of the straight line of Fig. 2 the energy of activation is 
found to be 41,500 cal. per mole. The equation for the rate constant is 
k1 = 1.4 X 1013 X e-41*600/RT 

Table I1 gives a summary of Series B runs. 
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TABLE I1 
Temp., Initial Av. k X Number of Temp , Initial Av. k X Number of 

Expt. OC. pressure 10' constants Expt. O C .  pressure 10"onstants 

11 260 1.640 0.143 6 9 305 1.333 2.86 4 
4 270 1.293 .289 7 10 310 1.564 3.713 3 
5 280 1.503 .579 G 12 3iO 1.472 3.98 3 
2 290 1.576 1.11 5 
6 290 0.445 1.08 5 21 270 1.468 0.286 6 
3 290 1.609 1.11 5 17 280 1.677 0.593 7 
7 300 1.187 2.20 4 19 290 1.594 1.12 5 
8 300 1.267 2.15 4 22 290 1.330 1.11 6 

13 300 1.513 2.22 4 18 305 1.568 2.98 4 
14 300 1.337 2.16 5 20 305 1.413 2.88 4 
1 305 1.398 2.84 3 

The average of the average deviations of the rate constants for all runs 
is only 2.18%. Runs 17 to 22 were made with a new portion of the com- 
pound and reproduced the earlier experiments almost perfectly. 

The tirst order constant is evidently independent of the initial pressure 
over the pressure range investigated. It would have been desirable to 
obtain data at  lower pressures in order to test rather severely the theory of 
unimolecular reactions, but the catalytic effect of the walls a t  lower pres- 
sures would very probably be greater and would therefore be a serious 
disturbing factor. 

We may calculate a lower limit to the number of oscillators required to 
agree with theory. An examination of specific heat data a t  high tempera- 
tures of highly chlorinated organic molecules such as carbon tetrachloride 
shows that these have unusually high specific heats. This would indicate 
that the oscillators of such molecules are of sufliciently low frequency that 
we will be justified in considering them as classical oscillators. Doing so, 
making use of the formulation of the calculation given by K a s ~ e l , ~  we then 
find that with the reasonable assumptions of fourteen oscillators and a 
diameter of 8 X lo-* cm., the rate constant at  4 mm. pressure would be 
about 4% below the high pressure rate. Since the maximum number of 
oscillators which this molecule could contain is 18, we have here a reaction 
whose rate a t  the lowest pressures approaches fairly close to the maximum 
permitted by theory. 

Summary 

The thermal decomposition of trichloromethyl chloroformate has been 
studied over a temperature range of 260 to 310° and a pressure range from 
4 to 17 mm. The reaction has been found to be first order and homo- 
geneous save for a slight trace of wall catalysis. The rate constant is 
given by the expression 

k, = 1.4 X 10lae-",600/RT 

"ssel, "Kinetics of Homogeneous Gas Reactions." The Chemical Catalog a., 
New York, 1931, p. 103, eq. 24. 
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The maintenance of the high pressure rate over the pressure range studied 
can be theoretically accounted for if the molecule is assumed to have a 
diameter of 8 X cm. and to contain 14 classical oscillators. 

The possible equilibrium between phosgene, carbon monoxide and 
chlorine was not found to occur as a result of the reaction, the sole product 
of the decomposition being phosgene. 

RECEIVED JULY 30, 1932 
PUBLISHED JANUARY 11, 1933 

[CONTRIBUTION PROM THE SCHOOL OF CHEMISTRY OF THE UNIVERSITY O F  MINNESOTA] 

The Effect of Gaseous Impurities on the Radiochemical 
Combination of Carbon Monoxide and Oxygen 

Part of the recent work on the carbon monoxide oxidation under the 
influence of radon1 involved a study of the effect of certain gaseous impuri- 
ties possibly occurring in traces in the reactants as a result of the methods 
employed for their preparation. These foreign substances were water 
vapor, formic acid vapor and gaseous nitrogen. 

The formic acid was prepared by reduced pressure distillation2 in the 
presence of phosphorus pentoxide, and saturation of a 2CO:102 mixture 
was effected a t  21.3'. Another sample of the reaction mixture was satu- 
rated with water vapor a t  21.5'. A measured volume of tank nitrogen, 
purified by passing through a train containing, besides a liquid air trap, 
tubes of fused potassium hydroxide, sublimed phosphorus pentoxide and 
yellow phosphorus, was added to a third quantity of reactants. The gas 
mixtures so prepared were confined with radon in small spherical vessels3 

and the progress of the reaction followed manometrically. 
Table I shows the reaction in gases wet with water vapor. Here e-U is 

the fraction of radon left after time t, Eo is the initial amount of radon in 
curies, P,co + lo2 is the partial pressure of dry reactants, D is the diameter 
of the reaction vessel, and ( k , u / ~ ) : ~ , , .  is the velocity constant corrected for 
the catalytic efficiency of carbon dioxide and for the effect of recoil at0ms.I 

From the inverse square of diameter law4 the velocity constant in a sphere 
of this size should be about 3111 which may be considered in agreement for 
experiments of this kind. It then appears that water vapor has little effect 
on the radiochemical carbon monoxide oxidation. That water vapor has a 
negligible effect is in accord with its radiochemically inert n a t ~ r e . ~  

Lind and Rosenblum, Proc. Nut. Acad. Sciences, 18,374 (1932). 
Jones, J. Soc. Chem. Ind., 38,362T (1919). 

a Lind and Bardwell, THIS JOURNAL, 47,2675 (1925). 
4 Lind, ibid., 41, 531 (1919). 

Duane and Scheuer, Le Radium, 10,33 (1913). 
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TABLE I 
THE INFLUENCE OF WATER VAPOR 

D - 1.958 ern.; EO = 0.0451 curie radon 

Pgco + lo., mtrr. (kr/A)&. 

740.1 
700.2 34.0 
647.5 32.6 
602.2 31.2 
564.6 28.6 
530.5 28.5 
492.7 30.0 
456.6 28 0 
423.0 26.2 
393.0 26.3 
363.4 26.5 
334.0 26.2 
308.8 24.8 
255.1 24.0 
235.2 25.1 
218.7 23.0 
202.0 23.7 
183.7 24.5 
159.4 31.5 
122.1 28.4 - 

Av. 27.5 

TABLE I1 
THE EFFECT OF FORMIC ACID VAPOR 

D = 1.795 ern.; Eo = 0.0425 curie radon 
(k~/?.)&rT 

e-Ai P~co+Io~, mm. I 11 

3.0000 711.3- 
0.9560 686.1 15.7 80.7 

.9105 631.8 3 4 3  38.7 
,8672 585.7 32.6 37.0 
.8278 549.9 29.2 33.9 
7911 517.3 30.1 34.7 
7509 483.0 30.2 35.5 

,6977 438.3 31.7 37.3 
,6497 402.1 30.5 36.3 
.5890 359.1 30.8 37.4 
.5273 315.9 33.0 40.6 
.4671 285.3 25.8 32.4 
.4026 247.9 31.9 39.2 
.3435 216.1 32.0 40.7 
.2882 189.3 31.3 42.8 
.I992 145.3 35.3 49.0 
.I152 102.3 42.3 63.3 

The effect of formic acid vapor is given in Table II. 
The corrected velocity constants in column I are calculated in the usual 

manner directly from the pressure of reactants as indicated by the total 
pressure drop. The low constant for the first interval shows that formic 
acid is being decomposed, the formation of its decomposition products 
producing a pressure increase which masks the disappearance of carbon 
monoxide and oxygen. 

I t  is impossible to say for certain what these decomposition products 
may be. The simplest assumption is either hydrogen and carbon dioxide 
or water vapor and the monoxide. However, supposing the formic acid 
to yield twice its volume in decomposition products, the partial pressure of 
reactants will be considerably less than was calculated simply from the 
total pressure drop. The result of this recalculation, confining the entire 
side reaction to the first interval, is shown in column 11. These constants 
are somewhat higher than the expected value of 37. However, i t  is ap- 
parent that the sole effect of formic acid vapor is to mask the main reaction 
in its earlier stages, and this only when present in appreciable quantities. 

The effect of nitrogen was interesting in that it is an excellent ionic 
catalystG as contrasted with the inefficient carbon dioxide. Furthermore, 

Lind and Bardwell, THIS JOURNAL, 48,1575 (1926). 



this system involved the simultaneous effect of two radiochemical catalysts, 
a situation hitherto found only in the case of catalysis of the carbon mon- 
oxide oxidation by the relatively inefficient argon. In the following ex- 
periment, a mixture containing 33.8y0 nitrogen was used. 

TABLE I11 

THE EFFECT OF NITROGEN 

D = 2.006 em.; El = 0.0342 curie radon 
f k ~ / N  A (kP/&rr. 

Pzco + 102, mm. I I1  I11 

727.1 
662.3 92.4 78.6 52.7 
591.6 106.0 88.9 57.7 
535.2 101.3 83.4 52.5 
477.9 109.6 88.4 53.8 
426.9 112.9 88.9 52.3 
365.0 122.0 93.3 52.4 
299.0 121.9 88.2 46.7 
254.3 140.3 99.0 49.2 
207.0 151.8 99.6 46.4 
154.7 174.0 103.6 46.4 

Inspection of velocity constants indicates unmistakably the efficient 
nature of nitrogen as an ionic catalyst. Column I shows the velocity con- 
stant (kP/h)f calculated from total pressure drop disregarding ionization on 
the catalysts. Column I1 corrects for the catalytic effect of carbon dioxide, 
assuming its efficiency to be 14.5%.' Attributing in addition 100% 
efficiency as a catalyst to the nitrogen, column I11 is obtained. Making 
proper correction for the effect of recoil atoms column IV is calculated 
from column 111. 

Since the corrected constants ( k p / ~ ) z o , .  should be about 31, we are 
evidently faced with a significant velocity increase. The simplest manner 
of accounting for this increase is to assume an enhanced efficiency of the 
ionization falling on the carbon dioxide when in the presence of such an 
efficient catalyst as nitrogen. Assuming an efficiency of 30y0 for carbon 
dioxide, column V is obtained, which is a decided approach toward a correct 
representation of the reaction velocity. 

A mechanism for such an unexpected effect cannot be suggested because 
the bulk of the sensitized radiochemical effects studied have involved only 
single catalysts. The result in the case here reported seems to indicate 
transfer of ionization by the efficient catalyst (nitrogen) not only to 
reactants but as well to the less efficient catalyst (carbon dioxide). 

Summary 
The effect of water vapor, formic acid vapor and nitrogen on the com- 

bination of carbon monoxide and oxygen in the presence of radon was 
studied. Water vapor had a small retarding effect on the reaction. For- 



Jan., 1933 ANOMALOUS CHLORINE-OZONE DECOMPOSITION 223 

mic acid vapor did not directly affect the velocity of the main reaction, 
tending only to mask its course in the early stages by undergoing decom- 
position. Nitrogen had an extreme accelerating influence on the oxidation, 
which could be explained by an increase in the catalytic efficiency of carbon 
dioxide from 14.5 to 30%, in addition to the 100% efficiency of nitrogen. 

MINNEAPOLIS, MINNESOTA RECBIVED AUGUST 1, 1932 
PUBLISHED JANUARY 11,1933 

[CONTRIBUTION FROM TEE CHEMICAL LABORATORY OR HARVARD UNIVERSITY] 

An Anomalous Decomposition of Ozone in the Presence of 
Chlorine 

Several investigators1 of the decomposition of ozone in the presence of 
chlorine have reported that the quantum yield, 4 (ozone molecules de- 
composed per quantum absorbed), is 2.0 * 0.2 in spectral regions where 
chlorine only absorbs, that the light reaction is nearly independent of the 
concentrations, and that the dark reaction2 is relatively small a t  room 
temperature. The dark reaction has since been studied a t  35 and 60° by 
Hamann and Sch~macher.~ The photolysis has been used as an actinome- 
ter.' The observations by Allmand and SpinksIa indicated that the 
course of the reaction was decidedly irregular. We undertook its further 
study at lower temperatures using an apparatus-ecently devised for 
referring 4 in gas reactions to uranyl oxalate as an actinometer. Attention 
is called to the stringent precautions there described regarding temperature 
control and pressure measurement. A second paper of Allmand and 
Spinks6 stated, as we had noticed in the meantime, that the dark reaction 
and wall effects were important, and expressed regret that these had not 
been further studied. None the less, they still viewed their reaction as 
essentially photochemical. These workers found that with 0 8  greater than 
35y0 and C12 about 1010, values of 4 up to 59 could be obtained; these 
values decreased as the light intensity, I ,  increased, the reaction rate being 
approximately proportional to I"'; the lo0 temperature coefEcient of the 
rate under these conditions was about 1.5, as compared with 1.0 when the 
chlorine percentage was higher, I$ smaller, and the rate proportional to I. 

(1) For a review of the literature see (a) Allmand and Spinks, J. Chcm. Soc., 1652 (1931); (b) Tay- 
lor, J .  Phys. Chcm., 34,2082 (1930); (c) Schumacher and Wagner, Z. physik. Chem., [B] 6, 199 (1929), 
(d) Griffith and McKeown, "Photoprocesses in Gaseous and Liquid Systems," Longmans, Green and 
Co , New York, 1929, pp. 601-606; (e) Kassel, "Kinetics of Homogeneous Gas Reactions," The Chemi- 
cal Catalog Co., Inc., New York 1932, pp. 254--262. 

( 2 )  Bodenstein, Padelt and Schumacher, Z. physik. Chem., [B] 5, 209 (1929). 
(3) Hamann and Schumacher, ibid., [B] 17, 293 (1932). 
(4) Cremer, ibid., 1-28. 286 (1927). 
(6) Forbes, Kistiakowsky and Heidt, THIS JOURNAL, 54, 3246 (1932). 
(6) Allmand and Spinks, J. Chcm. Soc., 699 (1932). 



When high initial values of 4 were obtained, they decreased rapidly; a simi- 
lar sort of decrease is noted, under different conditions, in the present paper. 

The quantum yield apparatus (Ref. 5, Fig. 2) was fused to the Pyrex train for intro- 
duction of ozone and chlorine a t  A (Fig. 1 of the present paper). Originally, the latter 
lacked the U tubes, U1 and Uz, and greased stopcocks were present a t  F, G, H, I and J. 
The average quantum yields, 6, of thirteen preliminary experiments are noted upon the 
curves in Fig. 2. 

Fig. 1. 

In  all the figures black circles indicate darkness, open circles light absorption averag- 
ing 2.7 X 1016 quantajsec., X = 366 mp, and half black circles exposure to red and yellow 
light. Plain circles indicate a temperature constant within 0.1 a t  approximately 2O, 
one flag 13O, two flags 25". Whenever a new symbol appears, it defines conditions back 
as far as the last old symbol. Along a dotted line the temperature, 8, is indeterminate. 
To avoid implications regarding reaction mechanism we report only the rate of increase 
in total pressure, dp/dt = m, referred to 0°  in mm. of mercury per minute. Curves 
representing long experiments, e. g., the fourth, are broken up into sections. When a 
part of the experiment between sections has been omitted, the total pressure, p, a t  the 
beginning of the section is noted. Initial partial pressures are given in the accompanying 
tables, with #f - fi, the difference between total final and total initial pressure. 

The values of + in Fig. 2 are not concordant, and are in most cases smaller than 2. 
The irregularities seem to be independent of partial pressures of reactants. The be- 
havior of the mixture when light and dark periods alternated, shown in the group of 
curves to the left in Fig. 2, differs strikingly from that observed by Allmand and Spinks1* 
in that no periods of diminishing pressure occur. Our experiments did not become 
consistent when the rubber grease, R, in the stopcocks was replaced by a mixture of 
vaseline, V, with naphthalene, N, refluxed for many hours in an atmosphere of chlorine, 
or by concentrated sulfuric acid, S. 

Suspecting contamination of the gases or of the cell, we improved the apparatus 
by adding Ul and Uz, and by eliminating all stopcocks. All parts were heated in sulfuric 
plus nitric acid, washed with distilled water several times after washings had become 
neutral, and scrupulously dried. The quartz reaction cell (Ref. 5, Fig. 2) was pumped 
out for several hours with a Wagner deka-micro oil pump. Air, dried with resublimed 
phosphorus pentoxide, was then admitted. While fusing the parts together, we blew 
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through a sodium hydroxide tower and a trap filled with glass wool and immersed in 
liquid air. At B, connection was made with a McLeod gage (not shown). A two-stage 
mercury diffusion pump backed up by the Wagner pump was connected to  the train a t  C 
through the trap, T, immersed in liquid air to intercept mercury vapor. After testing 
for leaks with a Tesla coil, the train was pumped out witla the diffusion pump, whi!e 
flaming exposed parts. Dried air was admitted through E. 

Time (1 div. = 100 rnin.). 
Fig. 2. 

ExP~ .  Poa POI ~ C I ,  Pf -Pi 

1 300 0 60 150 
5 71 96 406 36 
11 55 144 494 28 
13 59 64 351 30 

In dim diffused light tank chlorine was fractionally distilled in a vacuum three 
times, occupying successively traps TI, Tz, T3 and the graduated tube below U,, pre- 
viously calibrated by measuring the pressure developed in the reaction vessel, Cg, by 
evaporation of liquid chlorine between various graduations. The chlorine was evapo- 
rated each time a t  -80' and the middle portion only was condensed in liquid air. Seals 
were made a t  F and 0. Ozone was obtained from an apparatus lent by Professor E. P. 
Kohler. The electrolytic oxygen passed through sodium carbonate solution, solid po- 
tassium hydroxide, sulfuric acid and phosphorus pentoxide, in the order mentioned. 
The ozone was thrice fractionated much like the chlorine by suitable manipulations 
of a container of liquid air, the middle fractions occupying successively T:, T;, T: and 
the calibrated tube below UZ. A seal was then made a t  H. Keeping UI and U2 in 
liquid air, the sealed capillary a t  D was broken by the magnetic hammer. M, and a pre- 
determined amount of chlorine distilled into the arm of Uz next to D. Seals were made 



a t  I and J and allowed to cool. The total volume of Ua and connecting capillaries to the 
left of I and J did not exceed 2 cc. or 5% of C,. In  experiments where much chlorine 
and little ozone was present in Uz, the liquid air could be removed at  once from Us so 
that all the ozone passed into the cell for a pressure reading while the chlorine still re- 
mained solid. After the chlorine had evaporated, the pressure was read again. If 
little chlorine was present in Uz, the liquid air was manipulated so that the gases dis- 
tilled over together into Cg; the chlorine could then be estimated only from its liquid 
volume. Exposed tubes connected with C, were wound with black tape. 

Time (1 div. = 100 min.). 

Fig. 3. 

Expt. PO, Po, POI, PI-PI 

14 147 140 374 74 
15 135 133 170 68 
16 132 97 300 66 
17 158 130 651 79 

For Experiment 14 the cell was on the diffusion pump for three hours a t  25" before 
filling a t  25'. At the start 6, = 3 a t  2" decreasing toward B, where but a quarter of the 
ozone had been decomposed. The light was shut off a t  B. Between A and B the dark 
reaction was negligible. From B to C, m = 0 006 and no further deceleration was ob- 
served. At C, 0 was raised to 13" and the ten-degree temperature coefficient, 6100 m, 
was 14.6, a highly abnormal value suggesting the emergence of a new type of reaction, 
possibly a chain reaction starting on the walls. Some deceleration occurs from C to D, 
presumably due to a decrease in po,. At E, e again was lowered to 2" whereupon m 
from E to F was 0.006 in spite of a loss of three-quarters of the ozone remaining a t  C. 
From F to G ultraviolet light was without effect.. From G to H, red light through the 
exit slit produced acceleration. Beyond the last recorded reading, in this and all other 
experiments, residual ozone was decomposed by prolonged exposure to the full light of a 
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Uviarc, 3 cm. from the front window. Given the final reading of total pressure, all par- 
tial pressures corresponding to any given reading of total pressure could be calculated. 

Before Experiments 15 and 16, the cell was pumped out at  2 5 O  for one day with the 
oil pump and for a second day with the diffusion pump. Gases were introduced a t  2" 
as in following experiments unless otherwise noted. The initial value of rp was 3. In 
each case a condition was soon attained where alternation of light and darkness had little 
effect upon the trend of the curves. The "fast" reaction began without elevation of tem- 
perature soon after the light was shut off. In 15, and to a considerable extent in 16, the 
gases became insensitive to ultraviolet light just before the fast reaction set in. Ozone 
undecomposed at  the end of the experiments amounted to 127 and 108 mm., respectively. 

Time (1 div. = 100 min.). 
Fig. 4. 

Figure 2 should now be reexamined. In  Experiment 1 the cell was almost as clean 
as in 14, and little accumulation of impurities from stopcocks could have occurred; 
initial m = 0.006. The curve up to the intervention of the fast reaction, while somewhat 
terraced, is not very different from the curve in 14. Subsequent experiments 2, 3,4, 5 
and 6, between which the cell was pumped out but not 0therwi.x cleaned, show a pro- 
nounced and persistently terraced pattern but no fast reaction occurs except possibly 
over a short interval in Experiment 6. 

Before Experiment 17 the cell was removed from its copper thermostating jacket, 
cleaned as before 14 and pumped out with the oil pump while heated to dull redness. 
Dry air was then admitted. Although @ = 0.8 (uncorrected for the dark reaction) 
was relatively small a t  the start, the slope attained after admission of light remained 
nearly unaltered in light and dark alike until 0 was raised to 22"; 6100 m = 4.6 is again 



large. One is tempted to connect the practical absence of the terraced pattern in the 
curve after light admission with the fact that the walls were cleaner than in previous 
experiments. After cooling, the decomposition reverted nearly to the original dark 
rate, m = 0.006, as against 0.003 and the system had regained its sensitiveness to light. 
Residual ozone was 24 mm. 

Experiments 18, 19 and 20 in Figs. 4 and 5 are characterized by high initial ozone 
pressures. They show the impossibility of predicting the time intervening or the 
amount of photochemical or thermal reaction occurring before the beginning of a fast 
reaction. Further, they show that the fast reaction may suddenly start a t  any one of 
the temperatures used and is not dependent on a change of temperature or illumination. 
They also show that the fast reaction may die down and later reappear and that the 
induction period preceding the inception of the fast reaction decreases as experiments 
are started at successively higher temperatures. 

d P l b t .  0.010 

E 
E 

r- 
V3 - 

$' /qoorn 6 8  

#bP. 166 

Time (1 div. = 100 min.). 
Fig. 5. 

Expt. PO., $02  POIS Pf-Pi 

20 406 118 90 203 

Since Allmand and Spinksl' used a sulfuric acid manometer, Experiment 21 was 
carried out with 1 cc. of pure concentrated acid in the cell (wetting only a corner of C,). 
The initial dark reaction a t  2 " was about the same as in other experiments. Upon warm- 
ing to 21 ", 6100 m was 4.6, and upon cooling to 2' again, alO. m was 11.8. Light now accel- 
erated the reaction moderately and the terraced pattern persisted, the reaction rate 
promptly decreasing when light was shut off. Again we observed no periods of de- 
creasing pressure, such as those described by Allmand and Spinks. In the presence of 
sulfuric acid only we observed a t  2" a white mist, formed in many of their experiments 
also, and found by them to contain perchloric acid. Our mists slowly disappeared on 
raising the temperature to 25". 
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Experiment 22, a repetition of 21, agreed throughout with 21 and need not be dis- 
cussed in detail. 

In Experiment 23 the cell walls were entirely covered with sulfuric acid, the excess 
being poured out. The photochemical behavior was essentially the same as in 21 and 
22, but blo0 m is smaller, indicating a further retardation of the fast reaction. 

Before Experiment 24 the sulfuric acid was very carefully washed out, and 1 cc. 
of water was introduced. After fusing the cell to the train, the cell was pumped and 
filled while a block of carbon dioxide ice was held in contact with the front window to 
prevent evaporation of the water. At the start, a t  2 O ,  po, = 369. Pobo, = 125, pc~, = 
300 and m = 0.004. Warmed to 22O, 6i00 m = 8.25, after which m suddenly fell off 
with the cell still at  22O, to a quarter of its previous value. I t  then suddenly trebled, 
and was later cut in half. In the final stages of the experiment 6100 m was 3.5 and 0.9, 
respectively, as the reaction progressed 

Time (1 div. = 100 min.). 

Fig. 6. 

Experiments 21 to 24 prove that variations in m (0 constant) are less striking in the 
presence of sulfuric acid or water, but persist even when the walls are completely covered 
with one of these liquids, that is, in the absence of an uncontaminated quartz surface. 
On the other hand, a mixture of ozone and chlorine does not become insensitive to light 
when the whole surface of the cell is contaminated. 

In Experiment 25 ozone without chlorine was carefully investigated over two hun- 
dred hours to substantially complete decomposition, one hundred pressure readings be- 
ing made. The cell had been scrupulously freed from add, flamed and pumped for a 
whole day. At the start, a t  2O, = 490, p = 623 and m = 1.20. After two and one- 



half hours fi was only 653, but m had decreased to 0.026, following a pseudo-logarithmic 
curve. Raised to 22", m was not quite doubled. Exposed behind the slit to red light, 
m a t  once increased to 0.165 but fell off gradually without increase a t  any time to 0.012 
for p = 795, the corresponding dark rate being 0.002. These results agree substantially 
with a previous investigation by one of us,' except for the initial rapid dark reaction 
above described. Kassel? indeed, mentions the disagreement among previous workers 
in this respect. It might be urged that the fast reactions observed in the dark in the 
earlier stages of our experiments with chlorine present also depend upon the rapid de- 
composition of ozone per se, but the fast reactions springing up in the later stages of the 
experiments with chlorine find no counterpart upon the curve of pure ozone. 

In  Experiment 26 Cg was replaced by a 50-CC. Pyrex bulb, very carefully cleaned, 
and flamed while the diffusion pump was running. The bulb was filled a t  23" and the 
reaction studied only in the dark a t  23,35 and 50" with the usual precautions. From 
po, = 518, Pa, = 70 and p = 652 to fl = 705 at  23.2O, m changed from 0.476 to 0.435. 
At 35.2" for p = 740 to 760, m = 0.905 or 8100 m, 1.74. At 49.2" and p = 790, m = 
2.32 decreasing to 1.17 at  p = 835 or 6100 m = 1.84. At 25.2" and p = 843, m = 0.088 
decreasing to 0.030 at  fi = 890 or 6100 m = 5.55, At 35.2" and p = 892, m = 0.073 
decreasing to 0.037 at  fi = 894 or 6100 m = 2.21. At 49.5" and p = 895, m = 0.070 
or 8100 m = 1.35. 

The erratic values of i j l O O  m indicate that the reaction is very complex 
in Pyrex as in quartz over a temperature range including that covered 
by Bodenstein and co-~orkers.~.~ The results of these experiments do 
not lend themselves readily to a kinetic treatment. However, some 
general conclusions can be made. It is apparent that the more carefully 
the gases and the reaction system are purified, the more erratic are the 
results and the more pronounced is the fast reaction. Hamann and 
Schumacher3 found some indications of this fast reaction with gases which 
perhaps were as pure as those used here. This undoubtedly constitutes an 
agreement between their work and ours. Experiments with sulfuric acid 
and water point rather against a pure wall reaction as the cause of phe- 
nomena here described. It seems instead more likely that an unstable 
intermediary product (Hamann and Schumacher suggest C10) accumulates 
in the absence of impurities and causes a fast decomposition of ozone in a 
chain reaction which is sensitive to alterations in experimental conditions so 
minute that they were beyond our control. This last circumstance makes 
i t  unprofitable to discuss here the reaction mechanism in greater detail. 

The fast reaction observed in our experiments is very probably analogous 
to  the explosions of bromine-ozone mixtures reported by Lewis and Feit- 
k n e ~ k t . ~  The difference appears to be in degree only, [and attributable 
to  the stability of chlorine oxides, greater than that of bromine oxides, 
which prevents the production of a real explosion. 

The decomposition of ozone in the presence of chlorine has been rein- 
vestigated at 2. 13 and 22' in quartz and in Pyrex at  23, 35 and 50' with 

(7) Ristiakowsky, 2. physik. Chcm., 117, 337 (1926). 
(8) Kassel, Ref. If, p. 264. 
(9) Lewis and Feitknecht, THIS JOURNAL, 113, 2910 (1931). 
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great care in pressure measurement, temperature control and avoidance of 
contaminations. Each gas was thrice fractionated, stopcocks were elimi- 
nated and the cell walls freed from adsorbed impurities. As such pre- 
cautions became more stringent, the speed of the dark reaction following a 
brief exposure to light, an increase in temperature or even a period in the 
dark at 2, 13 or 2 3 O  tended to increase surprisingly. After this, an equally 
striking decrease often occurred. 

The time intervening before inception of the fast reaction decreased with 
an increase in the temperature and was shortened by absorption of light by 
chlorine. Temperature co&cients became highly abnormal, ranging 
from 0.7 to 14.6. At the same time the quantum yield, corrected for the 
dark reaction, fell off from two or more to very small values. Reaction 
velocities and temperature co&cients sometimes became small again, 
after which the system tended to regain sensitiveness to light. 

Concentrated sulfuric acid or water, within the cell, inhibited but did not 
eliminate these anomalies. They were at  a minimum when greased stop- 
cocks were used in the gas train. 

Uncontaminated ozone, without chlorine, gave a fast dark reaction a t  the 
start which died down during the first two and one-half hours and could not 
be restored during the next seven days by light of any available wave 
length or by temperature changes. 

The fact that light is readily capable of starting the "fast" reaction is 
evidence for the essential similarity, if not identity, of the mechanisms of 
light and dark reactions. 

We have attempted to explain the above observations in terms of a 
heterogeneous or a homogeneous reaction chain or in terms of a combina- 
tion of both. No mechanism so far considered by us, including those 
given in the literature, seems to fit all our experimental data. We, there- 
fore, prefer for the present to reserve their discussion. 

CAMBRIDGE, MASSACHUSETTS RECEIVED AUGUST 3,1932 
PUBLISHED JANUARY 11,1933 
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The Formation of Sodium Thiosulfate from the Oxidation of 
Sodium Sulfides by Means of an Aromatic Nitro Compound 

BY JESSE LUNT BULLOCK AND GEORGE SHANNON FORBES 

The oxidation of sulfide with the subsequent formation of thiosulfate 
has been recorded as early as 1798 by Berthollet.' Since that time many 
investigators have contributed to knowledge in this field, among whom may 
be mentioned Gay-Lussac, Vauquelin, Thomas and Rule, Kiister and 
Heberlein, and most recently Pearson and R~binson .~  

In the field of organic chemistry, especially in the case of aromatic nitro 
compounds, the use of sulfide ion as a reducing agent has had wide applica- 
tion. This phase of the subject has been studied by Zinin, Beilstein and 
Kurbatow, Lobry de Bruyn and Blanksma, Brand, Vesely, J. B. Cohen 
and Fliir~cheim.~ 

We have restricted our work to the oxidation of sulfide, hydrosulfide, 
and polysuIfide ions by aromatic nitro compounds. We have obtained 
information concerning the formation of thiosulfate ion. 

Previous workers in this field have used nitro compounds that were not 
appreciably soluble in aqueous solution and have employed higher tempera- 
tures and mixed solvents. By the use of sulfonated aromatic nitro com- 
pounds-in particular sodium m-nitrobenzenesulfonate-we were able 
to work in aqueous solutions of 0.1 M concentration and a t  room tempera- 
ture. In this oxidation thiosulfate ion and sodium m-amidobenzene- 
sulfonate are the only products formed-sulfite ion was not found in any 
of our oxidations, see page 236. This enabled us to study the course of the 
reaction, which is traditionally formulated as follows 

Purification of Materials.-The materials involved could all be obtained in a very 
pure state or could be purified easily. In the case of sodium hydroxide this was prepared 
from c. P. sticks made up to a saturated solution with water in a seasoned Pyrex flask. 
The impurities, chloride, carbonate, and silicate, which may be present settle out on 
standing quite completely but the small quantities which remained in solution were 
without effect on the reaction as was proved by a series of blank tests. 

Sulfur was purified by recrystallization from carbon disulfide. 
Hydrogen sulfide was prepared by heating p-toluidine and sulfur together a t  200- 

220°.4 The resulting gas which is very pure was washed through water to remove any 
entrained solid. 

(1) Berthollet, Ann. Chim., 26, 233 (1798). 
(2) (a) Gay-Lussac, ibid.. 85, 199 (1813); (b) Vauquelin, Ann. chim. phys., 6 ,  5 (1817); (c) Thomas 

and Rule, J. Chem. Soc., 111, 1063 (1917); (d) Kiister and Heberlein, Z. anorg. allgem. Chem., 43, 53 
(1905); (e) Pearson and Robinson, J. Chem. Soc., 1473 (1930). 

(3) Zinin, J .  praki. Chem., 27, 149 (1842); Beilstein and Kurbatow, Ber., 11, 2056 (1878); Lobry 
de Bruyn and Blanksma, Rec. trao. chim., 20,115 (1901); Brand, J. prakt. Chem., 74,449 (1906): Vesely, 
Rec. trao. chim., 44, 352 (1925); J. B. Cohen, J .  Chem. Soc., 87, 1266 (1905); Fliirscheim, J. prakt. 
Chem., 71, 497 (1905). 

(4) Heumann, "Anilinefarben," Vol. 111, p. 368. 
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The nitrobenzenesulfonate was prepared from purified nitrobenzene and the result- 
ing sodium salt recrystallized. 

Analytical Methods.-The standard iodine titration was used throughout for the 
determination of sulfide and thiosulfate ion. In the latter case the sulfide was removed 
by addition of a freshly prepared suspension of cadmium carbonate. Pure iodine was 
used as a standard of reference. Weighing burets were employed except in a few in- 
stances where time was of more importance than accuracy. Polysulfide sulfur was de- 
termined by a method of Kuster and Heberlein.2 

The Synthesis of Sodium Sulfides.-A very complete resume of the work in this 
field is found in the paper of Pearson and Robinson already mentioned. We investi- 
gated all methods recorded in the literature. For the preparation of monosulfide and 
polysulfide in aqueous solution the method detailed by Kuster and Heberlein was em- 
ployed with slight variations. By its use with all precautions it was possible to prepare 
solutions which contained only traces of thiosulfate. In non-aqueous solvents the tetra- 
sulfide was prepared by bringing sodium and sulfur together under boiling toluene. 
This method has been variously describedZ0 but by use of excess sulfur and boiling for 
twelve hours we obtained the tetrasulfide in a pure state. Pentasulfide was prepared by 
the method of Hugot.6 

Another synthesis of sul6de which we employed in this investigation was to heat 
sulfur in aqueous sodium hydroxide until complete solution was obtained. The result- 
ing solution was then allowed to stand a t  room temperature for forty-eight hours to at- 
tain equilibrium. This solution while it contained large amounts of thiosulfate gave 
valuable information when oxidized as will be shown later. 

Experimental 
The first part of the work was to determine the course of the oxidation. 

As has already been stated only thiosulfate results from the oxidation of 
sulfide ion by means of an aromatic nitro compound. Further in the case 
of mononitro compounds only amine is formed. One of us had established 
this point. The system that we were to study wo~~ld contain, then, only 
sulfide, thiosulfate, and hydroxyl ions together with amine and the nitro 
compound. These latter had no effect on the analytical methods. 

In the preliminary work we employed the solution obtained by the use of 
sodium hydroxide and sulfur. This solution is in equilibrium when 
OH-/Sz is 2.4 and polysulfide S/SF is 3.4. The thiosulfate ion does not 
enter into the equilibrium but is always formed according to reaction (4) 
page 236. 

The reactions were carried out in a liter round-bottomed flask provided 
with a mechanical agitator. The flask was swept free of air by means of 
nitrogen and the solution introduced. Temperature was maintained 
within 0.1' by immersion in a thermostat of the usual type. Samples were 
withdrawn by means of a pipet, added directly to weighing bottles which 
contained weighed quantities of standard iodine or cadmium carbonate 
suspension as the case might be and the weight of the sample determined. 
A slow stream of nitrogen was passed into the reaction flask throughout 
the experiment. Blanks in this apparatus showed no air oxidation during 
six hours. 

( 5 )  Hugot, Compt. rend., 128, 338 (1899). 
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During the course of the investigation nearly a hundred oxidations were 
made. Table I shows results obtained from typical oxidations. 

Temp., 25.0°; concentration of oxidizing agent, 0.1 M; time in minutes; data, moles per 1000 g. of 
solubon 

Total Total 
Time iodine S a O i  S' Time iodine SeOa' S- 

No. 52 No. 54 
0 0.2424 0.0000 0.1212 0 0.2037 0.0067 0.0986 

15 .lo48 .0293 .0377 15 .0990 .0326* .0299 
30 .0998 .0372 .0313 30 .0939 .0384* .OX5 
45 .0945 .0453 .0256 45 .0976 .0427* .0242 
60 .0955 .0489 .0233 60 .0955 .0489* .0226 

No. 51 No. 53 
0 0.2520 0.0000 0.1260 0 0.0980 0.0255 0.0420 

15 .I129 .0288 .0420 15 .0976 .0175* .0228 
30 ,1055 .0392 .0331 30 .0931 .0268* .0219 
45 .lo71 .0456 .0307 45 .0940 .0333* .0191 
60 .I020 .0505 .0258 60 .0947 .0373* .0171 

Composite 
0 0.2000 0.0000 0.1000 
1 .I637 .0074 .0781 
2 .I399 .0113 .0643 
3 .I326 .0146 .0590 
5 .I234 .0196 .0519 
7 .I205 .0222 .0492 

10 .I180 .0248 .0471 

* Represents increase over amount initially present. No. 52 solvent mold sodium 
chloride. No. 54 0.15 molal sodium hydroxide. No. 51 sodium sulfate, ionic concen- 
tration equal to unity. No. 53 polysulfide from solution of sulfur in sodium hydroxide. 

It will be noted that in every case the sulfide concentration diminishes 
rapidly at first while the thiosulfate-ion concentration does not increase a t  
a proportional rate. The color of the reaction mixture is intensified and 
frequently there is a definite precipitation of sulfur. If a test of an early 
stage of the oxidation which has been treated with cadmium carbonate to 
remove sulfide ions is titrated with standard acid it is found that there is a 
large increase in the hydroxyl-ion concentration which is equal to the loss of 
anions containing sulfur, ST and &OS-. This would indicate that thio- 
sulfate is not a direct product of the reaction as the stoichiometric equation 
shows but that the first products of the reaction are hydroxyl ion and 
sulfur-this is established in a quantitative way on page 236 reaction (2a). 
The sulfur as i t  is formed is taken up by the suliide ion to saturation. 
However, when the hydroxyl-ion concentration has increased to the value 
given on page 233 for the OH'/Sy ratio then the thiosulfate formation 
progresses uniformly (Table I, No. 53). Further oxidation is then condi- 



Jan.. 1933 TBXOSULF~TE BY SULFIDE OXIDATION 235 

tioned by the thiosulfate formation since by equation (4), page 236, two 
sulfide ions are regenerated for each thiosulfate ion formed. 

The data set forth in Table I can be utilized to give evidence of what has 
been briefly outlined above. In the case of disulfide oxidations a t  25O 
there is no appreciable precipitation of sulfur and so from these few data the 
complete condition of the system is easily calculated. 

The equation 
Sz- + RNOa + Hz0 = SaOs' -I- RNHz (1) 

it is shown is made up of several, the first of which may be written 
3s' + RNOz + 4Hz0 = 60H- + 3 s  + RNHa ( 2 )  

and the second 
S- + xS = S-,+I (3) 

The cases of monosulfide and hydrosulfide were next investigated and it 
was found in both cases that there was an induction period of about thirty 
minutes before any appreciable oxidation began. Since the reaction was 
autocatalytic in character we investigated the effect of each of the known 
products of the reaction, RNH2, OH-, &0~ '  and polysulfide S. 

Table I1 shows this effect during the first minute of the oxidation. 

TABLE I1 
Polysulfide Fraction 

sulfur oxidized 

0.00 0.0007 
.25 .0098 
.50 .0225 
.75 .0262 
.83 .0263 

Polysulfide 
sulfur 

1.00 
1.20 
1.50 
2.00 
3.00 
Satd. 

Fraction 
oxidized 

0.0295 
.0285 
.0260 
.0220 
.0160 
.OX46 

Oxidations of saturated polysulfide were carried out in neutral salt 
solution and a good velocity constant obtained, using the bimolecular 
formula for different concentrations of (a) the oxidizing agent and (b) the 
total sulfide ion, both in moles per 1000 g. of solution. 

TABLE I11 
Time Total iodine &Or; s; ko 

0 0.1621 0.0020 0.0801 . . 
15 .I230 .0195 .0517 0.308 
30 .lo30 .0266 .0382 .292 
60 .0840 .0410 .0215 .308 
90 .0750 .0485 .0132 .320 

120 .0715 .0535 .0090 .318 

Using concentrations greater than 0.11 mold of either sulfide or nitro 
compound the reaction ran too fast to measure with the requisite accuracy. 

According to reaction (2) there should be a definite PH which would 



allow the oxidation to progress without favoring the formation of thio- 
sulfate. This was found to be close to PH 8. By the use of a borax- 
boric acid buffer oxidations were carried out which contained only a small 
amount of thiosulfate ion. Substituting boric acid in reaction (2) we ob- 
tain 

3s- + 12HaB03 + RNOa = 3B401' + 3xS + 17Hz0 + RNHz (2a) 

In an oxidation using this buffer the sulfur was filtered, thoroughly washed 
and dried. I t  was then dissolved in carbon disulfide, filtered, the solvent 
evaporated and the sulfur dried and weighed: calcd., 3.65 g.; found, 3.62 g. 

The Formation of Thiosu1fate.-As has been shown the oxidation of 
sulfide ion leads to the formation of hydroxyl ion and free sulfur. The 
formation of thiosulfate ion then takes place by a subsequent reaction 
which may be written as 

60H- + 12s = Sz03' + 2s' + 3Hz0 (4) 

With regard to the formation of sulfite ions which are sometimes con- 
sidered as intermediate in the formation of thiosulfate, we have shown that 
when a buffer is used only hydroxyl ion and sulfur result. All investigators 
agree that from the reaction between hydroxyl ion and sulfur only thio- 
sulfate and polysulfide ions result. But if it  were assumed that without 
a buffer the oxidation were carried further and sulfite were formed, then our 
analyses would show it. For it is well known and we have checked the 
fact in our work that sulfite and sulfide ions do not react rapidly or com- 
pletely in alkaline solution. The behavior of solutions containing sulfite 
and hydrosulfide ions has been studied extensively by Foerster and his co- 
workers.Vheir work shows that only under conditions of very careful 
adjustment of hydrogen-ion concentration is sulfite ion ever completely 
converted into thiosulfate. We employed the same method of analysis to 
determine sulfite as did Foerster and were not able to obtain a positive test 
in a single case. 

Reaction (4) takes place rather rapidly a t  elevated temperature even 
with ordinary rhombic sulfur but a t  25' the reaction is slow unless the 
sulfur is in an "active" s t a t e s e t  free by an oxidation of sulfide or in some 
similar way. We spent much time trying to prepare "active" sulfur but 
without success. 

If one treats a pentasulfide ion with an excess of hydroxyl ion some of the 
sulfur in the polysulfide is available for this reaction and the solution on 
analysis shows an increase in sulfide and thiosulfate. Such a solution 
which tested 4.15 polysulfide sulfur, 0.675 sulfide and 0.207 thiosulfate 
after dilution with an equal weight of water was diluted with an equal 
weight of 0.1 M hydroxide and allowed to stand for two days. It then gave 
on analysis 0.748 sulfide and 0.243 thiosulfate. The sulfide increase is 
0.073, that for thiosulfate 0.036-almost exactly two to one as shown by 

(6) Foerster, 2. anorg. allgem. Chem., 177, 61  (1928) 
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equation (4). This ratio holds for all temperatures. The value of the 
polysulfide sulfur/S," ratio is a function of the temperature, the hydroxyl- 
ion concentration and the ionic strength of the solution where neutral 
salt is employed. 

In a series of experiments where neutral salt was employed-sodium 
sulfate in ionic strength equal to unity-together with hydroxyl ion of 
varying concentration, we obtained for variation of hydroxyl ion from 
2.4-5.7, polysulfide sulfur 3.4-1.0 correspondingly. Kiister and Heberlein, 
in a paper already cited, obtained in pure monosulfide solution the value 
4.24 for polysulfide sulfur. 

The Use of Other Aromatic Nitro Compounds.-While the greater part 
of the work was carried out with m-nitrobenzenesulfonate we prepared a 
set of other nitro compounds and measured their oxidizing rate against the 
one just mentioned. These results are set forth in Table IV. The com- 
pounds were synthesized with great care and were recrystallized from 
aqueous solution and dried to constant weight as sodium salts. 

TABLE IV 
Relative speed of oxidation 

Name of disulfide 

1-Nitro-4-carboxybenzene 1.263 
1-Nitro-3-sulfobenzene 1.000 
1-Nitro-3,5-disulfobenzene 0.962 
1-Nitro-5-sulfonaphthalene .95 app. 
1-Nitro-4-methyl-3-sulfobenzene .935 
1-Nitro-3-carboxybenzene .918 
1-Nitro-2-oxy-3-carboxy-5-sulfobenzene .425 
1-Nitro-2-methyl-5-sulfobenzene .417 
1-Nitro-8-sulfonaphthalene . 4  app. 
I-Nitro-2-carboxybenzene ,089 

The chloro derivatives were abnormal, giving very rapid oxidation 
analogous to dinitro compounds. 

From the data in Table IV  it is seen that the para substituted compound 
oxidizes most rapidly. The meta substituted compounds all react a t  about 
the same rate while the ortho substituted compounds have very little 
oxidizing power. 

The Effect of Temperature.-While reduced temperature slows down 
the rate of oxidation-reaction (2)-the effect is much more pronounced in 
thiosulfate formation-reaction (4). Below 25' the solution of sulfur is so 
slow that the greater part of i t  is precipitated in an unreactive form even 
in excess of hydroxyl ions. Thus the oxidizing power of sulfide ion is 
diminished, for it will be noted by reference to reaction (4) that two sulfide 
ions are formed for each thiosulfate ion produced. 

If an oxidation of disulfide is carried out slowly no appreciable amount of 
thiosulfate is formed until the system is saturated with sulfur. On the 
other hand, in the normal case where equal concentrations of sulfide icm 



and nitro compound are added together a t  the start, about 30% of the 
initial sulfide is oxidized in the first minuteTable  11. Under these 
conditions there is a large amount of sulfur present in the "activeJJ state at  
any particular time during the first few minutes. This sulfur would 
normally be dissolved by the sulfide ion still present but the large con- 
centration of hydroxyl ion also present slows down this process and forms 
thiosulfate and regenerates polysulfide from the "active" sulfur. In the 
presence of other anions, as when neutral salt is employed, some of the 
sulfur is precipitated in solid form. This redissolves, in part a t  least, 
unless temperatures lower than 2 5 O  prevail. At higher temperatures the 
sulfur held in the polysulfide ion is more reactive and thiosulfate is formed 
a t  a much lower value of the ratio xS/ST. Tartar and Draves7 have 
shown that this ratio may be less than one with excess hydroxyl ion a t  100'. 

Summary 

The oxidation of sulfide ion by means of an aromatic nitro compound 
progresses only as far as free sulfur. This sulfur is then removed from the 
system either by the formation of thiosulfate ion with regeneration of 
polysulfide ion or the sulfur is precipitated in solid form. 

Thiosulfate ion is formed from free sulfur in the presence of hydroxyl ion 
with the simultaneous formation of two polysulfide ions. This reaction 
progresses slowly a t  room temperature unless the sulfur is in an active form. 

Various ortho, meta and para substituted mononitro compounds were 
used as oxidizing agents and their rates of oxidation compared. 

CAMBRIDGE, MASSACHUSETTS RECEIVED AUGUST 4, 1932 
PUBLISHED JANUARY 11,1933 

(7) Tartar and Draves, THIS JOURNAL, 46, 574 (1924). 
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Electrical Conductivities of Mixtures of Sulfuric Acid, Acetic 
Acid and Water 

Introduction 
As part of the general program of acidity studies from this Laboratory, 

a rather careful investigation has been made of the highly acid homogeneous 
system: sulfuric acid, acetic acid, water. The study has included measure- 
ments of conductivities, electromotive forces, vapor pressures and colori- 
metric measurements. Some freezing points have been determined, and 
the results of others recalculated. Other investigators who have recently 
studied certain aspects of this problem include Hall and Conant,l Hall and 
Werner,2 Hantzsch and Langbein,Wutchison and ChandleeJ4 Hammett 
and Deyrup,"ames Rendall? La Mer and Eichelberger7 as well as Dr. 
Sprinkle and Mr. Freeman of this Laboratory. 

The present paper describes the conductance measurements, and is 
divisible into three parts: (I) the conductance of dilute solutions of sul- 
furic acid in acetic acid; (11) concentrated solutions, and (111) conduc- 
tivities in the ternary system sulfuric acid-acetic acid-water. 

I. Dilute Solutions 
A. Apparatus and Materials.-The resistances were measured by means of a 

Jones' bridge manufactured by Leeds and Northrup. A simple Hartley oscillator with a 
201A tube, operating a t  1400 cycles per sec., was used, as well as a two-stage transformer- 
coupled audio frequency amplifier and head phones. The oscillator and amplifier were 
separated from the bridge and each other and (with all leads) completely shielded. 
Absolutely silent minima and precisions of the order of 10-6 were readily obtained. 
Standard Oil Company "Finol" was used in the thermostat, which was heated by a bare 
wire and controlled by a mercury-in-glass regulator with oscillating contact. The bath 
was set at 25 * 01 with a B. S. standard thermometer and held a constant temperature 
within 0.005'. The cells were made of glass with platinum electrodes and were of the 
usual design. Their constants were obtained by means of the 0.01D solution of Parkers 

prepared from "equilibrium" water and purified potassium chloride. Solutions were 
made up and kept with every care to exclude moisture before and during the measure- 
ments. 

Acetic acid was prepared by fractional distillation in an all-glass still of glacial acid 
obtained from the Niacet Chemical Company. That used had a melting point of 16.63 " 
and a specific conductance (K) of 3 X loe8. In the course of its preparation freezing 

(1) Hall and Conant, Tms JOURNAL, 49, 3047 (1927). 
(2) Hall and Werner, ibM., SO, 2367 (1928). 
(3) Hantzsch and Langbein, Z. anorg. allgem. Chem., 804, 193 (1932). 
(4) Hutchison and Chandlee, THIS JOURNAL. 53, 2881 (1931). 
(6) Rammett and Deyrup, ibid . 64, 2721 (1932). 
(8) Kendall, ibid. ,  43, 1826 (1921). 
(7) La Mer and Eichelberger, ibid. ,  54, 2763 (1932). 
(8) Jones and Joseghs. ibid. ,  50, 1049 (1928); see also Dike, Rev. Sci. Instruments, 2, 379 (1931) 
(9) Parker. THIS JOURNAL, 46, 312 (1924). 



points as high as 16.65" were recorded and values of K as low as 1.05 X There 
is not a simple relationship between maximum freezing point and minimum conductance. 
This point is being further studied. 

Sulfuric acid was obtained by mixing reagent quality fuming acid with 95% acid 
until a maximum freezing point of 10.46 " was reached. This acid had K = 1.02 X 10-2, 
which may be compared to the values 0.97 X 10-a obtained by Hantzsch and by Ber- 
gius,1° and 1.04 X obtained by Lichty." 

Acetic anhydride from Merck was fractionally redistilled. The corrected boiling 
point was 138.2" and K = 1.94 X lo-'. 

B. Results.-The results are shown in Table I. No solvent correc- 
tion has been made, and it is probable that none should be made. V is the 
molar dilution in liters, and X is as usual 1000V~. The results are calcu- 
lated for sulfuric acid as a uni-univalent electrolyte as it certainly is in these 
solutions. 194*7 

In order to detect possible errors and because of the interest attached to 
such measurements, the effects of water and of acetic anhydride on the 
conductance were studied. For the former, acetic acid containing a very 
small amount of water (0.08% by the freezing point curve of Richmond and 
England)12 was used as solvent. The results are shown in Table 11. 

Soln. 
no. 

1 d 
2 d 
3 d 
4 d 
5 v 
6 v 
7 v 
8 v 
9 v 

10 v 
11 v 

TABLE I 
CONDUCTIVITY OF SULFURIC ACID IN ACETIC ACID AT 25' 

M. p. of solvent. 16.63"; sp. cond. 3 X 10-8 
Concn. V. Sp. cond. Mol. 
mole/]. s. liter/mole x X 106 cond. 

0.924 0.9612 1.083 1531 1.653 
.7345 .8570 1.362 856.1 1.165 
.2220 .4712 4.505 26.52 0.1194 
.I105 .3324 9.050 6.142 .0553 
.I075 .3280 9.300 6.075 ,05651 
.0223 1 .I493 44.83 1.017 ,04562 
.01115 .lo56 89.66 0.6274 ,05625 
.005576 .07465 179.3 ,4012 ,07194 
.002788 ,05287 358.6 ,2848 .lo21 
.001394 .03732 717.3 .I943 ,1394 
.000697 ,02644 1434 6 1468 ,2105 

TABLE I1 
THE CONDUCTIVITY OF SULFURIC ACID IN "WET" ACETIC ACID 

M. p. of solvent, 16.47 "; sp. cond. 8.2 X 10-8 
Soln. Concn. v, Sp. cond. Mol. 
no. mole/liter s. Iiter/mole K X 106 cond. 

I v 0.08078 0.2842 12.38 6.21 0.07688 

(10) Hantzsch, Z. phys. Chem.. 61, 257 (1908); Bergius, ibid., 72, 338 (1910). 
(11) Lichty, THIS JOURNAI,, 80, 1834 (1908). 
(12) Richmond and England, Analyst. 51, 283 (1926). 
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Addition of acetic anhydride also caused an increase in the specific 
conductance. Thus a 0.119 M solution of sulfuric acid in acetic acid had 
K = 7.21 X while when it was made 0.0357 M in acetic anhydride, 
K rose to 8.01 X lo-=. A 0.107 M solution of acetic anhydride in acetic 
acid had a K of only 3.91 X 

From these facts i t  is evident that the conductivities recorded in Table I 
are very near minimum values, and that the solutions contained neither 
water nor acetic anhydride in appreciable amounts. The data of Tables I 
and I1 and also those of Hantzsch and Langbein3 and of Jones13 are shown 
in Fig. 1. A possible reason for the difference between our results and 

V, liters per mole. 
Fig. 1.-Molar conductance of sulfuric acid in acetic acid a t  

35": 0,  Voge; 8 ,  Voge, solvent containing 0.08% HzO; 
a, Hantzsch and Langbein. 

those of the other investigators is suggested by our measurements on 
"moist" acetic acid solutions. Incomplete drying of the solvent produces 
just such a fairly uniform increase in conductance as is shown by the other 
measurements. In Fig. 1 the anomalous decrease of X with dilution (often 
previously noted for all types of electrolyte in this solvent) is clearly seen. 
The complete conductivity curve (not shown, cf. Fig. 3), also shows a 
maximum value of X in more concentrated solutions. These peculiarities 
have been discussed by Walden14 and by Bjerrum15 among others. 

In the most dilute solutions the variation of X with V is more nearly 
what would be expected from an ordinary weak electrolyte. A test of this 
type of behavior is furnished by a plot of CX against 1/X.16 If the Ostwald 
dilution law is obeyed, such a plot should yield a straight line from which 
both K and Xo might be derived. Figure 2 shows such a plot for the five 

(13) Jones, Am. Chem. J., 16, 1 (1894). 
(14) Walden, "Leit~errn6~en der T,osungen," 11, 111. 
(15) Bjerrum, Ber., 68, 1091 (1929). 
(16) Kraus, "Properties of Electrically Comducting Systems." The Chemical Catalog Company. 

New York, 1922, p. 54. 
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most dilute solutions of Table I. It is seen that from the conductimetric 
viewpoint sulfuric acid is a typical weak electrolyte in the most dilute solu- 
tions. It is not possible, however, to determine Xo or K with any degree of 
precision from measurements on such high-resistance solutions as these. 
Even if the accuracy of the measurements were greatly increased this would 
not be possible. Walden14 has given two useful generalizations which 
should establish the order of magnitude of XO. These are qXo = const., 
and h,,bX/Xdt = const. where q = viscosity and bX/Xbf is the temperature 
coefiicient of the conductivity. By comparison with water as a solvent, 
these lead to the values Xo = 280 and Xo = 70, respectively, for the con- 
ductivity at infinite dilution of Hf(HS04-) in acetic acid. Use of these 
figures gives values for K ranging in the one case from 3.3 to 3.9 X 10-lo and 
in the other from 5.3 to 6.2 X 10-O. While these figures are very ap- 
proximate, they probably indicate the correct order of magnitude for the 
dissociation constant. 

5 10 15 20 
l/A. 

Fig. 2.-Sulfuric acid in acetic and the dilution law. 

11. Concentrated Solutions and the Complete Conductivity Curve for the 
System HoSOrCH&OOH 

This system has been investigated over a small range by Jones13 and 
by Hantzsch and Langbein.8 For these measurements a cell in the shape 
of an inverted Y was used which had a constant of 18.684 and to which 
varying amounts of liquid could be added without affecting the cell con- 
stant. The procedure adopted was as follows. The cell was cleaned, 
rinsed, dried at  140° and flushed with dry air. It was then weighed, 
filled with one component, and weighed again. The other component was 
added in successive portions from a weight buret, and the two were mixed 
in the glass-stoppered cell; after cooling at  25' in the thermostat, the 
conductivity was measured. 
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In Table I11 the results are shown Here the mole fractions are calcu- 
lated from the weights in air against brass because of the low absolute 

TABLE I11 

SPECIFIC CONDUC~ANCES FOR THE SYSTEM H~SOI-AcOH AT 25 
Mole fract. 

Soln, no. Has04 Sp. cond. 
ls Ns K X 108 n NZ 

accuracy. The conductivity curve is shown in Fig. 3, together with the 
viscosity curve of Drucker and Kassel.17 It adds a little to the favorable 
evidence for the molecular compound AcOH-H2S04 of which Kenda116 

finds indications in an unpublished freezing point curve, but which Lehr- 
man could not ~rystall ize.~~ 

AcOH 0.2 0.4 0.6 0.8 HsSOd 
Mole fraction. 

Fig. 3.-Conductance and viscosity of AcOH-HzSO4 mixtures: 
specific conductance curve for the system HzSOcAcOH at  25'; 

- - - -  viscosity curve from Drucker and Kassel at 15'. 

Complete explanation of the form of the curve is not possible, but the 
following factors may be pointed out. Solutions of acetic acid in sulfuric 
acid conduct better than those of sulfuric acid in acetic acid because of the 
much higher dielectric constant of sulfuric acid, although this must be 

(17) Drucker and Kassel, 2. physik. Chem., 76, 367 (1911). 
(18) Lehrman, Trans. Am. Inst. Chcm. Engrs., 18, 187 (1926). 
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partially offset by its greater viscosity. Equal rate of change of conduct- 
ance in opposite directions caused by increasing concentration and de- 
creasing ionization of acetic acid accounts for the pronounced maximum on 
the sulfuric acid side. The slight maximum on the acetic acid side doubt- 
less has a similar explanation. The slight central minimum, while ap- 
parently arising from the increased viscosity at  this point, cannot be 
separated in origin from the associative tendencies which cause the latter. 
Kendalllg has given an excellent discussion of such systems and has pointed 
out our very incomplete knowledge of them. 

Mole fraction of water. 
Fig. 4.-Conductance and viscosity of H&304-HzO mixtures: -- 

specific conductances for the system HzSO4-Hz0 at 25O (Kohlrausch); 
- - - - viscosities for the system HzS04-Hz0 at  25' ("I. C .  T."). 

Conductivity curvesz0 for the related systems HzS04-Hz0 and CH3CO- 
OH-H20 are of almost exactly the same form as that for this system. 
They are shown, corrected to 2 5 O ,  and with their viscosity curves, in Figs. 
4 and 5 .  

111. Conductivities for the Three Component System 
H~SO~-H~O-ACOH 

In the hope of more closely relating the highly acid solutions involved, 
and because of the rather novel interest attached to such measurements, 
the three component system H2S04-H20-AcOH was next investigated 
conductimetrically. Almost no data exist on such mixtures; a few points 
of JonesL3 which lie quite close together and which were determined a t  an 
unspecified temperature are the only ones to be found in the literature. 

In this portion of the research precision was less essential; hence the 
(19) Kendall, Ref. 6, and previous papers. 
(20) Landolt-Bornstein, "Tabellen," H w  11, pp. 1075-77. 
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following procedure was adopted. Mixtures of acetic acid and sulfuric acid 
were made up by weight in cell 7. Water was then added from a micro- 
buret, and on mixing and cooling to 25' the conductivity was measured. 
The composition of all mixtures was calculated from the weight in air. 

0.03 

d .- 
i2 

0.02 .9 
b 
-4 

8 
0.01 

s 

AcOH 0.2 0.4 0.6 0.8 H2O 
Mole fraction H20. 

Fig. 5.-Conductance and viscosity of AcOH-H20 mixtures: 
specific conductances for the system AcOH-HtO at  25' ( ~ o h l -  

rausch) ; - - - - - viscosities for the systeni AcOH-Hz0 at 25' ("I. C. T."). 

Results are shown in Table IV, and in Fig. 6 by means of iso-conductive 
lines. This diagram indicates the interplay of the many factors determin- 

TABLE IV 
CONDUCTIVITIES IN THE SYSTEM H~SO~-ACOH-H~O AT 25O 

Mole Mole SP. Mole Mole Sp. 
fract. fract. cond. fract. fract. cond. 

Series No. H~SOI AcOH X 102 Series No. H ~ S O I  AcOH X 101 
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ing conductivity in such solutions. Here the trough may be related to  
loose compound formation or other associative 'phenomena, while the 
maxima serve to indicate roughly the points of greatest ion concentration. 
More complete explanation of these conductivities is not possible a t  present. 

Fig. 6.-Iso-conductive lines showing log specific conductance + 10 
for the system H~SO,-H~O-ACOH at 2 5 O ;  concentrations are in mole 
fractions. 

Attempts to extend the study to the more general system SO3-H20-Ac20 
were not successful. On adding acetic anhydride to 30% fuming sulfuric 
acid, chemical reaction took place and the solution turned orange in color. 
It was noted that the resistance was increased on adding the acetic an- 
hydride but no quantitative conclusions could be drawn. These data 
will be discussed further in later papers dealing with the thermodynamic 
properties of the system. 

Summary 

1. The conductance of dilute solutions of sulfuric acid in acetic acid has 
been carefully redetermined. I t  is shown that the solute behaves as a 
typical weak electrolyte and its dissociation constant is tentatively calcu- 
lated as lo+. 

2. The complete conductance curve is determined for the binary system 
H2SOrCH3COOH and discussed in connection with similar curves for the 
systems HzSOrH20 and H20-CH3COOH. 

3. The complete conductance diagram is given for the system HzSOr 
CH3COOH-Hz0. 

MADISON, WISCONSIN RECEIVED AUGUST 4.1932 
PUBLISHED JANUARY 11,1933 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF HARVARD UNIVERSITY ] 

Galvanic Cells Containing Potassium Triphenylmethyl 

BY H. E. BENT AND E. S. GILFILLAN, JR. 

One of the most interesting properties of organic free radicals is the 
reaction with an alkali metal to give a compound having many of the 
properties of a simple salt. Such a compound will react metathetically 
with an acid (i. e., a methane),l will dissolve to give a solution which is an 
electrolytic conductorZ and is formed with the liberation of an amount of 
energy not greatly different from that accompanying the formation of a 
typical inorganic salt.% 

In spite of the salt-like character of these compounds we have been able 
to find no records of experiments in which solutions of them have been used 
as electrolytes in galvanic cells. Should they behave as normal salts in 
such experiments they would supply just the required properties for solving 
the problem of determining the standard electrode potential of cesium. 
The measurements would consist in determining the potential of a cell 
composed of electrodes of cesium and a dilute cesium amalgam and then the 
potential of another cell containing this same amalgam in contact with 
cesium ion in aqueous s~ lu t i on .~  

In order to determine the suitability of these compounds for use in 
galvanic cells we have studied the behavior of cells in which the electrodes 
were potassium and potassium amalgam and of cells containing two 
electrodes of dilute amalgams. The electrolyte in these cells was a solution 
in diethyl ether of the potassium addition compound of triphenylmethyl or 
a closely related compound containing biphenyl or naphthyl groups. 

Our experiments show that cells which have potassium amalgams for 
both electrodes give potentials which one would expect for a normal salt, 
i. e., the same potential as is found when the electrolyte is potassium iodide 
dissolved in ethylamine or potassium hydroxide dissolved in water. How- 
ever, cells containing one potassium amalgam electrode and one potassium 
electrode give very erratic potentials which are less than correspond to the 
transfer of one gram atom of potassium for each Faraday of current. A 
number of cells designed to determine the cause of this behavior show that 
it is not due to impurities in the electrodes or to surface effects but to some 
change in the electrolyte which takes place in the presence of potassium. 

These observations indicate that these compounds are quite unsuited to 
the problem of determining the cesium electrode potential. They also 

Conant and Wheland, THIS JOURNAL, 54,1212 (1932). 
Schlenk and Marcus, Ber., 47, 1664 (1914); Ziegler and Wollschitt, Ann., 479, 

123 (1930). 
a Bent, Tms JOURNAL, 52,1498 (1930). 
* Lewis and Kraus, ibid., 32,1459 (1910). 



suggest that a cell reaction cannot be taken for granted in determining 
potentials. Finally these results further justify the assumption that these 
compounds are simple salts except when undergoing a transformation in 
the presence of alkali metal. 

Experimental 
Eleven cells have been prepared and their potentials measured. A Wolff poten- 

tiometer and a Leeds and Northrup type HS galvanometer, which is sensitive to 10-11 
ampere, were used. In general the technique consisted in evacuating the cell until the 
pressure was too small to be measured on a McLeod gage (less than mm, of mer- 
cury), distilling the potassium into the cell, introducing the amalgam by means of a stop- 
cock, and introducing the electrolyte by breaking the tip of a glass capsule with a mag- 
netic hammer. 

I n  order to test the materials and method of assembly, one cell was prepared as 
nearly as possible like the ones used by Lewis and Keyes in the determination of the 
standard electrode potential of potas~ium;~ i. e., potassium I potassium iodide in ethyl- 
amine ( 0.2216 weight per cent. potassium amalgam. The e. m. f. obtained by Lewis and 
Keyes was 1.0481 volts. We obtained a value of 1.0487 .t 0.0002 volts using an amal- 
gam containing 0.2216 weight per cent. potassium. This agreement indicates that the 
method of handling the materials is satisfactory. 

The evidence that potassium addition compounds of free radicals behave in a per- 
fectly normal manner in cells containing amalgam electrodes is furnished by the data 
from three cells. The first of these cells furnished the best evidence. It was constructed 
to give a very low resistance in order to give very high accuracy in thee. m. f. measure- 
ments. I t  consisted of a tube twenty centimeters long containing a ridge the length 
of the tube, formed by pushing in the glass with a copper tool. The amalgams extended 
the length of the tube but were kept separate by this ridge. The tube was then nearly 
filled with the ether solution of potassium triphenylmethyl. The e. m. f .  could be 
measured to two one-hundredths of a millivolt and was found to be 0.12835 * 0.0002. 
Amalgams from the same storage flask were then used in another cell of the type used 
by Richards and C ~ n a n t , ~  using as electrolyte an aqueous solution of potassium hydrox- 
ide. Thee. m. f. so obtained was 0.12835 * 0.0001, in perfect agreement with the value 
previously obtained. 

A second cell with amalgam electrodes was constructed to test the behavior of other 
organic free radicals and different methods of preparing the potassium addition com- 
pound. The electrolyte was prepared by treating a mixture of methyl diphenylbi- 
phenylmethyl ether, methyl or-naphthyldiphenylmethyl ether and methyl-a-naphthyl- 
phenylbiphenyl methyl ether wiih metallicpotassium. The observed e. m. f. was 0.0291 
* 0.0001. The value found for the same amalgams when using a solution of potassium 
iodide dissolved in ethylamine as the electrolyte was 0.0291 =t 0.0001. Here again the 
agreement is within the experimental error. 

A third cell which was designed primarily for a different purpose gave still further 
proof that in such cells the electrolyte is behaving in a perfectly normal manner. The 
e. m. f .  found was 0.0655 =t 0.0005. The value found with potassium iodide dissolved in 
ethylamine as the electrolyte was 0.0652 * 0.0001. 

Eight cells were constructed which contained one amalgam electrode and one elec- 
trode of potassium. With the exception of one cell which was doubtless defective7 

Lewis and Keyes, THIS JOURNAL, 34, 119 (1912). 
Richards and Conant, ibid., 44, 601 (1922). 
The defective cell gave very erratic potentials and soon exhibited so high a re- 
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thee. m, f .  was always too low and was inconstant. Most of these cells could be measured 
with an experimental error of not more than 0.01%. However, the e. m. f. was from 
0.5-0.95 of the correct value and usually decreased during a period of a week or two by 
10-20vo of its value. 

The construction of these cells will not be discussed in detail. However, in their 
construction the following factors were considered as possibly related to their behavior: 
surface films on the potassium; mercury dissolved in the surface layer of potassium com- 
ing from the pump, amalgam or electrolyte; a change in the concentration of amalgam 
due to transfer of potassium; polarization; and the nature of the free radical. I n  
addition cells were constructed which differed greatly in resistance. The concentration 
of the electrolyte was varied from a highly supersaturated solution to one whose mole 
fraction was lo-'. This very high dilution was accomplished by decantations in a closed 
system and subsequent distillations of the ether back into the cell The effect of time 
was studied by making measurements within a few seconds of the time of contact with 
the potassium and extending the measurements for a period of months. In order to 
avoid the possibility of traces of mercury from the solvent contaminating the potas- 
sium, the electrolyte was prepared in the absence of mercury. The usual way of making 
the electrolyte was to shake a solution of triphenylchloromethane with dilute potassium 
amalgam. In order to avoid the presence of mercury and vary the method of preparing 
the electrolyte, three ethers were prepared and then treated with metallic potassium. 
The reaction required five weeks for completion, the solution being shaken mechanically 
during this period. The resulting solution did not differ in appearance from solutions 
prepared from the chlorides. These ethers have apparently not been described in the 
literature. They were prepared by dissolving the chlorides in benzene, adding methyl 
alcohol and recrystallizing the products from dry ether. The three compounds were 
methyl diphenylbiphenylmethyl ether, m. p. 94-95", methyl diphenyl-a-naphthyl- 
methyl ether, m. p. 142O, and methyl-phenyl-a-naphthylbiphenyl ether, m. p. 190-191 O. 

The last cell which we constructed seems to shed the most light on the behavior of 
these cells. This cell contained three electrodes, two of dilute amalgams and one of 
potassium. The electrolyte was introduced in such a way as to come in contact with 
only the amalgams. The observed e. m. f .  was 0.0655 * 0.0005. The correct value is 
0.0652 * 0.0001. The cell was then tipped so that electrolyte came in contact with all 
three electrodes. As was to be expected, the value obtained using the potassium as one 
electrode was too small. However, the value obtained using the two amalgams was 
changed to 0.0605, a difference ten times the experimental error of measurement. Tip- 
ping the cell so as to remove the electrolyte from the potassium did not alter this value 
but after three weeks a value of 0.0599 was obtained. Further standing in contact with 
potassium resulted in a value of 0.0523. This cell indicates clearly that the electrolyte 
undergoes some slow irreversible reaction such that the cell reaction is no longer the trans- 
fer of one gram atom of potassium for each faraday of current passing through the cell. 

Conclusions 
1. Potassium triphenylmethyl and some related compounds function 

as normal electrolytes in galvanic cells containing amalgam electrodes. 
2. Potassium triphenylmethyl and some related compounds undergo a 

slow irreversible reaction when in contact with potassium which precludes 
their use in galvanic cells containing potassium. 

CAMBRIDGE, MASSACHUSETTS RECEIVED AUGUST 4, 1932 
PUBLISHED JANUARY 11, 1933 

sistance that it could not be measured. We presume that the potassium pulled away 
from the connecting wire during solidification. 



Notes 
Improved Method of Sealing the Capillary Tubes in the Rast Modifica- 

tion of the Barger Method of Molecular Weight Determination 
BY JOSEPH R. SPIES 

In the determination of molecular weights by the Rast modification of 
the Barger method it has been found that by operating in the manner 
described below the comparatively large air space a t  one end of the capillary 
tube and also the necessity of twice drawing out one end of this capillary 
can be avoided. The method has the further advantage that the liquid is 
fixed in both ends of the capillary without heating the capillary close to the 
enclosed solutions. This minimizes the danger of volatilizing some solvent 
or possibly decomposing some of the solute. 

Assume that the standard solution and the test solution have been 
introduced into the capillary with the prescribed 3 4  mm. air space sepa- 
rating them, and that the tube has been melted shut on the right and 
drawn out 2 cm. to hairbreadth on the left as Rast describes.' Now in- 
stead of breaking off the left end a t  the end of the hair, i t  is allowed to 
remain, leaving a funnel-shaped reservoir. The tube then appears as 
illustrated in Fig. 1. The right end is now broken off and the tube tilted 

U 

Fig. 1. 

so that the liquid flows back through the hair to a position "a." The tube 
is then drawn out on the right to  hairbreadth for 2 cm., broken a t  the end 
of this hair and tilted so that the liquid runs into and fills it, whereupon it is 
sealed by carefully touching i t  in a micro flame. Some of the liquid should 
remain in the funnel on the left so that the hair on the left is still filled. 
This funnel is then broken off and the end of the hair passed rapidly through 
a micro flame to expel a small portion of the solution before sealing as on 
the right. 

A 5 X 17 crn. glass plate with a line etched through the center parallel 
to the short side supplants the 1-2 X 17 cm. plate used by Rast. This 
allows eight to ten tubes to be placed on one plate. The etched line takes 
the place of the hair covered with Canada balsam. When i t  stands in 
water, balsam gradually becomes opaque and must be replaced daily. 

UNIV. OF MARYLAND STATION OF THE RECEIVED SEPTEMBER 28, 1932 
INSECI.ICIDE DIVISION PUBLISHED JANUARY 11, 1933 
BUREAU OF CHEMISTRY AND SOILS 

COLLEGE PARK; MARYLAND 

( I )  K. Rast, Ber., 54. 1879-1957 (1921). 
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The Dielectric Constant of Solid Hydrogen Sulfide 

Preliminary measurements have been made on the variation of the 
dielectric constant of solid hydrogen sulfide with temperature. Ileat 
capacity measurements made in this Laboratory by Professor W. F. 
Giauque and Dr. R. W. Blue1 have shown the existence of three crystalline 
modifications of hydrogen sulfide. It was therefore of interest to learn 
whether any rotational motion of the electric moments of the molecules in 
the crystal was taken up a t  the transitions. 

A heterodyne beat method similar to that described by Zahn2 with the 
oscillators operating on a wave length of M 9  meters was used for the measure- 
ment of the dielectric constant. The test condenser (cap. 150 ppf) consisted 
of three concentric cylinders of gold rigidly separated by four glass rods 
cutting diametrically through them. The condenser was sealed in a glass 
cylinder and the temperature controlled by an apparatus similar to  that used 
by Giauque and Wiebe,3 the gold condenser replacing their calorimeter. A 
copper-constantan thermocouple was used for the temperature measurement. 

The value of the dielectric constant below the lower transition a t  103.5O K. 
is about 2.9 and above the lower transition for the second modification about 
9, a discontinuous change taking place a t  the temperature of the transition. 
At the upper transition a t  about 126.3"K., there is apparently no marked 
change of the dielectric constant taking place. The value of the constant for 
the liquid a t  the melting point 187.6OK. is about 9.4. The accuracy of the 
measurements in the solid state is probably no better than 10% due to the 
effect of the large cracks encountered in warming the hydrogen sulfide. 

From the results given above i t  appears that there is little or no rotation 
of the electric moment of the hydrogen sulfide molecule below the lower 
transition. At this transition a change in crystalline form must take place 
permitting rotation of the electric moments and from the large change in 
the dielectric constant i t  can be concluded that the molecules go from a 
state of little or no rotation of the electric moment to one of almost com- 
plete rotational freedom of the electric moment. This is further verified by 
the facts that a t  the upper transition there is no great difference between 
the dielectric constants of the two crystalline modifications of hydrogen 
sulfide concerned in the transition and that the value of the dielectric 
constant for the liquid a t  the melting point is of the same magnitude as the 
values for the crystalline modifications above the lower transition. 

CONTRIBUTION FROM THE RECEIVED OCTOBER 3, 1932 
CHEMICAL LABORATORY OF THE PUBLISHED JANUARY 11,1933 
UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 

(1) Not yet published. 
(2) Zahn, Phys. Rev., 24, 400 (1924). 
(3) Giaurlue and Wiebe, THIS JOURNAL, 50, 161 (1928). 
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The Number of Structurally Isomeric Hydrocarbons of the 
Acetylene Series1 

BY DONALD D. COFFMAN, AND CHARLES M. BLAIR WITH HENRY R. HENZE 

I t  has previously been possible, by means of a separation into types, 
arbitrarily chosen upon the basis of their structural formulas, to establish 
a relationship between the number of structurally isomeric hydrocarbons2 

and the alkyl groups of which the former may be considered to be com- 
posed. I t  can now be shown that an analogous method of separation into 
structural types may be utilized successfully in calculating the number of 
structurally isomeric hydrocarbons of the acetylene series. 

The homologs of acetylene are divided into two groups: A, consisting of 
those hydrocarbons which may be formed, theoretically, by replacing one 
hydrogen atom of acetylene by an alkyl radical, and B, consisting of those 
which may be formed by replacing both hydrogen atoms of acetylene by 
alkyl radicals. 

The structural formula of each of the homologs of acetylene of N carbon 
atoms of group A, R-CEC-H, may be formed by replacing one hydrogen 
atom of acetylene by an alkyl radical of N - 2 carbon atom content. 
The total number of structural formulas that may be thus formed will equal 
the total number of alkyl radicals of N - 2 carbon atoms or T ( N - 2 ) .  

A N  = T(N-2) (A) 

The number of paraffin alkyl radicals of each carbon content through GO 
has been previously reported. 

The structural formulas of the hydrocarbons of group B, R-C-C-R', 
of N total carbon atom content may be formed by attaching to the 
-CrC- group the alkyl radicals R- and R'- (the carbon content of 
R- plus R'- always equaling N - 2). The number of isomers that may 
be thus formed will equal the total number of possibilities, without excep- 
tion or repetition, of combining simultaneously with the -C-C- group 
every value of R-, taken one at  a time, and every complementary value of 
R1--, also taken one at  a time. These possibilities are theoretically of 
two types: (a), those in which the two alkyl radicals R- and R'- are of 
unequal carbon content; and (b), those in which the two alkyl groups are of 

( 1 )  This joint contribution arose from independent and essentially concurrent efforts by the 
authors. The initial draft of Dr. Coffman's menuscript was presented to the editorial board of the 
Experiment Station of E. I. du Pont de Nemours & Co. on April 25, 1932, and was approved by them 
for piiblication as a personal contribution. I t  was received in the office of the Editor of Tars  JOURNAL 

on June 9; substantially identical results were presented on April 23 by C. M .  Blair and H. R. Henze 
before the annual meeting of the Central Texas Section of the American Chemical Society a t  Waco, 
Texas, and their paper (Blair and Henze) was received by the Editor on June  THE EDITOR. 

(2)  Henze and Blair, THIS JOURNAL, 53, 3077 (1931).  I t  should be noted that the number of 
structurally isomeric nondecanes given erroneously as 147,248 in Table 11, page 3084, should be cor- 
rected to read 148,248, asindicated by Perry, ibid., 54, 2918 (1932). 

( 3 )  Henze and Blair, ibid., 53, 3042 (1931). 
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equal carbon content. In type (b) there may be further recognized two 
sub-types; (bl), in which the two alkyl groups although of the same carbon 
content are not structurally identical; and (bz), in which the two alkyl 
groups are structurally identical. Type (b) is actually impossible with a 
hydrocarbon of uneven carbon content, for in that type N - 2 should be 
divisible by two. The total number of isomeric homologs of acetylene of 
all types included in group B may be calculated by the following (finite) 
recursion formulas according to whether the carbon content is odd or even. 
Odd: 

BN = TI.T(N- 8) f T ~ - T ( N  - r )  f . . . . . . + T(,v-a)/z-T(~- 1)/2 (Bo) 
Even: 

Note that the subscripts in each term add up to N - 2, and that the 
number of terms is (N - 3)/2 for odd carbon atom:content and (N - 2) /2  
for even. 

Table I indicates the number of structurally isomeric hydrocarbons of 
the acetylene series as calculated by the use of the recursion formulas. 

TABLE I 
NUMBER OP ISOMERIC HYDROCARBONS OP THE ACETYLENE SERIES 

Carbon hTumber of Carbon Number of 
content ~somers content isomers 

2 1 16 38,422 
3 1 17 97,925 
4 2 18 251,275 
5 3 19 648,061 
6 7 20 1,679,869 
7 14 2 1 4,372,872 
8 32 22 11,428,365 
9 72 23 29,972,078 

10 171 24 78,859,809 
11 405 25 208,094,977 
12 989 26 550,603,722 
13 2,426 27 1,460,457,242 
14 6,045 28 3,882,682,803 
15 15,167 29 10,344,102,122 

30 27,612,603,765 

Summary 
1. Formulas of the (finite) recursion type are advanced which permit 

the calculation from their carbon content of the number of structurally 
isomeric hydrocarbons of the acetylene series. In using these recursion 
formulas to calculate the total number of such hydrocarbons of any given 
carbon content, the total number of alkyl radicals of N - 2 and all lesser 
carbon contents must be known. 
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Technical Refinements for the Micro Colorimetric Method of 
Iodine in Blood 

BY R. G. TURNER AND MINA 2. WEEKS 

Several investigators are studying the determination of small amounts of 
iodine by use of the blue color formed with iodine and starch. Leitch and 
Henderson1 and Aitken2 oxidize the iodide to iodate with bromine, liberate 
the iodine by addition of an excess of potassium iodide and titrate with 
thiosulfate using the blue color produced by starch as the indicator. Ait- 
ken modified the method in that he devised a titration vessel in the form of 
a short tapering tube in which solutions can be brought with ease to a 
volume of 0.2 cc. Titration is made with N/1000 thiosulfate. In a later 
report3 he recommends the use of a micro buret in which the standard 
solution floats on a thread of mercury, the position of the latter being 
adjusted by means of a fine screw projecting into a mercury reserve. 
Reith4 and the author5 have studied the same reaction, omitting the titra- 
tion, comparing the color produced against known standards. Reith 
prepares several standards and matches these with the unknown, while in 
our method one standard is prepared and the unknown compared in a 
micro colorimeter. The stability of the color and its proportionality to the 
amount of iodine present have been found by the authors to be sufficiently 
accurate for the estimation of small amounts of iodine ranging from 0.0005 
to 0.005 mg. 

During the course of our study certain difficulties have arisen. At times 
we have encountered a complete failure, either slight or no color developing 
or an intense black color resulting. These two difficulties have been over- 
come by the use of special purified reagents The purpose of the paper is 
to give in detail the factors which we have found to cause failures and the 
necessary procedures to overcome these difficulties. 

Experimental 

The first diiculty encountered with the method was a partial or coin- 
plete failure of color development. Reith (personal communication) 
wrote that iodine is lost if added to alcohol and the alcohol removed by 
ignition instead of evaporation. To 10 cc. of 94% alcohol he added 
potassium iodide sufficient in amount to bring the iodine content to 107. 
The alcohol was burned off and the iodine recovered was 0.77. Three 

(1) Leitch and Henderson, Biochem. J., 20, 1003 (1926). 
(2) Aitken, ibid., 24, 1456 (1930).  
(3) Aitken, ibid., 25, 446 (1931). 
(4) Reith, Biochem. Z., 216, 240 (1929). 
(5) Turner, J .  Biol. Chem., 88, 497 (1930). 
(6) Turner. THIS JOUKXAL, 52, 2768 (1930). 



Jan., 1933 MICRO COI.ORIMETRY OF IODINE IN BLOOD 255 

other experiments like the above were carried out with the exception that 
he added 2, 5 and 20 mg. of potassium carbonate. The results found 
were, respectively, 7.0, 7.4 and 10.1 y iodine. Therefore, he assumes that 
the alkalinity must be very marked before no loss of iodine occurs from 
ignition. 

In the method described by one of us5 i t  was stated that the absolute 
alcohol must be freed from traces of iodine by redistillation over potassium 
hydroxide. This practice worked successfully with some grades of alcohol 
but a t  times when new supplies of alcohol were used the development of 
color failed to appear. 

The following experiments were undertaken to determine whether the 
failure encountered was due to ignition of the alcohol. 

To two centrifuge tubes containing 50 cc. of water each, 0.001 and 0.002 mg. of 
iodine in the form of potassium iodide were added. Potassium suIfate and barium 
chloride were added as described in our method.5 This was centrifuged and extracted 
and the solution evaporated to dryness in an oven. The dry residue was extracted with 
the non-redistilled alcohol and the alcohol btuned in a platinum crucible as described in 
the publication. 

The above was duplicated in the same manner but instead of igniting the alcohol 
in the crucible, they were placed in an oven a t  100' and allowed to evaporate. The 
residue in the platinum crucibles was then extracted with water as in the method given 
and a color developed. In both cases our results showed only a slight color not com- 
parable with a 0 001-mg. standard. 

Since both tests gave negative results it was thought that possibly some 
interfering substance such as aldehydes in the alcohol might have an 
inhibiting effect on color production. Alcohol was treated by the Winkler 
method7 and by the method of Castille and HenrL8 A modified form of the 
latter method has been adopted 

Procedure for Purification of Alcohol.-One-half gram of iodine crystals is added to 
500 cc. of absolute alcohol. The mixture is allowed to stand for twenty-four hours. Dis- 
til off the alcohol, discarding the first 25 cc. of distillate, and retain 50 cc. of the residue. 
Shake the distillate with 100 g. of granulated zinc until the yellow color disappears. 
Distil off the alcohol again as above. To this distillate add as before 100 g. of granulated 
zinc and shake continuously for fifteen minutes. Distil as before. The alcoholic dis- 
tillate thus obtained is free from iodine and interfering substances. 

THE EFFECT OF PURIFICATION OF ALCOHOL ON COLOR PRODUCTION 

Tube no. Alcohol used for extraction Results 

1 Not purified Negative 
2 Purified by Winkler's method Slight color but less than standard 
3 Purified by modified method of Cas- Color equivalent to twice the stand- 

tille and Henri ard or 0.002 mg. of iodine 

If aldehydes are responsible for the interfering substance, they are not 
removed completely by the Winkler method. ,4t present no claim is made 

(7) Winkler, Ber., 88, 612 (1905). 
(8) Castille and Henri, Bull. soc. chim. biol., 6, 299 (1024). 
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as to the identity of the interfering substance. Results have been satis- 
factory if the alcohol is treated by the iodine-zinc method as described. 
The experiment conducted to determine the possibility of loss of iodine by 
ignition of alcohol as described (on page 4) was repeated with alcohol 
purified by the iodine-zinc method. Complete recovery was obtained in 
both cases. Therefore, the failure of color production is not due to loss of 
iodine by ignition of the alcohol but to impurities which may be present in 
the alcohol and which are removed by the method presented. 

The second diEculty in which the final reaction turned black due to 
oxidation of excess potassium iodide involves two factors. First, different 
samples of potassium carbonate may vary as to the amount of iodine pres- 
ent. The following method has been adopted for purification of all 
potassium carbonate used in the determination of small amounts of iodine. 

Method for Purification of Potassium Carbonate.-To 100 g. of potassium car- 
bonat~  in a liter beaker add 500 cc. of 95% alcohol. Stir with an electric stirrer for 
ten hours, decant the alcohol and dry the residue by pressure between filter paper. 
Dissolve the dried residue in 200 cc. of boiling water. Filter and evaporate the filtrate 
to one-third its original volume. Place in an ice-box to crystallize. When equilibrium 
is maintained filter and place the residue in an oven a t  110° to dry. When dry powder 
and dissolve the contents in 100 cc. of hot water. Cool and pour the solution into a 500-cc. 
separatory funnel with an equal volume of absolute alcohol and shake continuously for 
thirty minutes. Transfer the aqueous layer to a 250-cc. beaker and evaporate over a 
flame to one-third its volume. Place in an ice-box until crystallization is complete, filter, 
and dry in an oven at l l O O .  Under these conditions no iodine could be detected in the 
purified potassium carbonate. 4 N potassium hydroxide may be used satisfactorily in 
place of the 4 N potassium carbonate solution. If chemically pure potassium hydroxide 
is used no purification is necessary. 

Second, the iron content of the concentrated sulfuric acid used in preparation of the 
2 N sulfuric acid solution must be taken into account. It is known that oxidized iron 
will set free iodine from potassium iodide. An investigation was made regarding the 
iron content of sulfuric acid and its effect on the starch-iodide reaction as used for the 
estimation of iodine in blood. One of the experiments is given as an example of the mode 
of investigation. 

The following three samples of sulfuric acid diluted to the strength as used in the 
method (2 N HzS04) were taken for examination. 

Sample No. 1. Baker and Adamson containing 0.000270 iron 
Sample No. 2. Baker and Adamson containing 0.00008q/o iron 
Sample No. 3. Baker and Adamson reagent three months old. Iron content 

unknown. Tested negative when first prepared by the following method. 

Method for Testing Purity of Sulfuric Acid.-Three drops of purified potassium 
iodide solution (1%) was added to each of three test-tubes (125 X 15 mm.) graduated to 
1 cc. Distilled water (iodine-free) was added to the 1-cc. mark and 5 drops of the starch 
solution introduced. Two drops of sulfuric acid solution (No. 1 above) was added to 
tube No. 1. Likewise the same quantity of sulfuric acid solution (No. 2 above) was 
added to tube No. 2 and the sulfuric acid solution (No. 3 above) to tube No. 3. Another 
set of three tubes was prepared in a like manner with the exception that the 1% potas- 
sium iodide solution added had not been prepared with potassium iodide purified as 
described in our first p~blication.~ These were numbered lA, 2A and 3A, respectively. 
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The potassium iodide used in preparing the above solutions was Baker and Adamson 
(Lot 3A, Code Ba 4220). The results are shown in Table 11. 

Reagent 
no. 

1 
1A 
2 
2A 
3 
3A 

Color development 
After addition of excess 

sulfuric acid reagent thirty 
minutes after development 

Time in minutes of the color 
15 30 Excess, 10 drops 

+ ++ +++ ++ +++ ++-I-+ 
- sl + sl + + + + + + ++ 
3.4- ++ +++ 

+ Equivalent to blue color produced with 0.001 mg. of iodine standard prepared as 
directed in the method. + + Equivalent to a 0.002 mg. standard. + + + Dense, not 
matched against standards. ++++ Black, not matched against standards. sl f 
slight, not sufficient color to match against 0.001 mg. standard diluted to 2 cc. 

The results show that if the sulfuric acid solution is fresh and sufficiently 
iron-free, no color is developed within fifteen minutes after adding the acid 
to the purified potassium iodide solution containing starch. The slight 
color produced a t  the end of thirty minutes with acid No. 2 (low in iron 
content) is believed to be due to the effect of the atmosphere on the oxida- 
tion of potassium iodide solution. This slow oxidation was recognized as 
stated in our publication6 but if standard and unknown are prepared a t  the 
same time, the change is proportional for a t  least an hour and the colori- 
metric reading remains the same. The above experiment shows the effect 
of foreign oxidizable substance, presumably oxidized iron, on potassium 
iodide in acid solution. Potassium iodide is in excess when the final 
reaction for production of the color is carried out, therefore, the purity of 
the reagents used in this step must be watched. If foreign oxidizable 
substances are eliminated, iodine is not liberated from potassium iodide in 
acid solution within thirty minutes. 

Conclusions 

This investigation includes necessary procedures to avoid certain factors 
which cause failures in the author's method6 for the estimation of iodine 
in blood. 

To obtain satisfactory results it is essential to treat the absolute alcohol 
by the modified iodine-zinc method of Castille and Henri for removal of 
aldehydes. 

Potassium carbonate must be freed from iodine by the method described 
or chemically pure potassium hydroxide used in its place to produce the 
desired alkalinity. 

The sulfuric acid used for preparing the 2 N solution should not contain 
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over 0.00008% iron, and a t  all times this reagent should be tested with the 
1% potassium iodide solution for the presence of oxidizable foreign sub- 
stance, assumed to be oxidized iron. 

Under these conditions the above mentioned difficulties do not arise 
and the method of analysis can be carried through with the accuracy 
mentioned in the former p~blication.~ 

DETROIT, MICHIGAN RECEIVED JUNE 9, 1932 
PUBLISHED JANUARY 11, 1933 

[CONTKIRUTION FROM THE DEPARTMENT OP CHEMISTRY, COLUMBIA UNIVERSITY ] 

Carbohydrate-Fatty Acid Linkings in Corn Alpha Amylosel 

The fatty acids associated with corn starch occur entirely in the a- 
amylose2 or insoluble portion of the starch, while the soluble &amylose is 
pure carbohydrate. Thus the presence of the fatty acids affords one 
means of digerentiating between the two corn amyloses. In the interests 
of obtaining more data on chemical make-up of each of the corn amyloses, 
an examination of the linkage between the fatty acid groups and the 
carbohydrates in corn a-amylose is desirable. This investigation is 
concerned with that problem. 

It has been shown that the fatty acid compounds in corn a-amylose 
are derived from palmitic, oleic and linolic acids,3 which are chemically 
combined with carbohydrate for they are not extracted by solvents, but are 
liberated only after relatively long aqueous acid hydrolysis of the amylose. 

In  spite of the fact that these acids are in chemical combination with the 
carbohydrate, no corn a-amylose has been prepared which contains all 
that is in the original starch. Some is always lost in the process of sepa- 
rating the a-amylose from the /3-amylose. This applies also to the deriva- 
tives of starch. Acetylated and methylated products of corn starch 
containing fatty acids have been ~ r e p a r e d , ~  but in neither case do the 
products contain more than half of the original acids. This suggests that 
the fatty acids may not all be linked to the carbohydrate molecule in the 
same manner. 

As starch is a polyhydroxylated compound, the fatty acids can be com- 
bined to the carbohydrate through an oxygen linking a t  any one or more 
of the otherwise free hydroxyl groups of the glucose residues which form 
the amylose molecule. 

(1) An abstract of a dissertation presented by Ruth T. Sherman to the ~ g c u l t ~  of Pure Science 
of Columbia University in partial fulfilment of the requirements for the degree of Doctor of Philosophy 

(2) (a) Taylor and Nelson, THIS JOURNAL, 42, 1726 (1920): (b) Taylor and Iddles, Znd. Eng. Chem., 
18, 713 (1926). 

(3) Lehrman, "The Fatty Acids in Corn Starch and Synthesis of Corn Beta Amylose Palmitate," 
Columbia Dissertation, 1925. 

(4) Werntz. "Studies of the Corn Amyloses." Colrlmhin Dissertation, 1926. 
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The most direct and satisfactory way of determining the position of the 
fatty acids on the carbohydrate molecule would be to hydrolyze a-amyiose 
to a glucose unit with the fatty acid radicals still attached and investigate 
the fragment. This cannot be accomplished a t  present, as the hydrolyzing 
agent splits off some fatty acids in the very early stages of hydrolysis of 
the starch. 

Another method by which some light might be shed on the structure of 
corn a-amylose is to study the ease of removal of the fatty acids by hy- 
drolysis. If the fatty acid residues are not all attached a t  the same relative 
positions on the glucose residues in the a-amylose, the stability of the 
starch-fatty acid linkages toward hydrolytic reagents ought not to  be the 
same. Some linkages may be expected to be more easily broken than 
others, according to the methods of hydrolysis employed, if one uses the 
behavior under similar conditions of derivatives of glucose with substitu- 
ents in various positions as a criterion. Here, in general, a substituent a t  
position 1 in the glucose molecule is found to be the easiest to split off.5 

The immediate purpose of this paper is to report the results of the effect 
of acid, alkali and enzymic hydrolytic reagents on corn a-amylose. 

I. The Effect of Acid on the Liberation of the Fatty Acids from Corn 
Starch.-First, the preferential removal of these acid residues by a mild 
hydrolyzing agent, hydrogen chloride in 95% alcoh01,~ was studied. Sam- 
ples of corn starch were treated with the reagent for different lengths of 
time, and the fatty acid content of the carbohydrate residue was deter- 
mined. 

After a given treatment the residue was freed from extraneous fatty 
acids and then completely hydrolyzed. Any newly liberated fatty acids 
were extracted and their iodine number determined. When this iodine 
value is compared with the iodine number of the fatty acids liberated by 
complete hydrolysis of the original starch, it is possible to determine the 
order in which the fatty acid groups are split off in the partial hydrolyses. 
If the iodine number of the acid in the residue increases, the palmitic acid 
must have been liberated more rapidly; if it decreases, the unsaturated 
acid linkings must have been hydrolyzed more readily than that of the 
palmitic acid. 

Experimental 
Five hundred cc. of a solution of 0.12 g. of hydrochloric acid in 95y0 alcohol was 

added to a suspension of 500 g. of corn starch in 500 cc. of alcohol. Samples of this 
mixture were heated under a reflux condenser on a water-bath for twenty minutes, 
forty minutes and one hour, respectively, after which they were filtered while hot on 
a suction filter and extracted for eight hours with ether. A weighed part of the treated 

(5 )  (a) Armstrong, J. Chenz. Sac , 85, 1048 (1904); (b) Will and Lenze, Ber., 31, 68 (1898); ( c )  
Fischer, ibid., 49, 584 (1916). 

(6) By the use of alcoholic acid the amount of reducing sugar usually formed when aqueous acid is 
used is greatly diminished The alcohol also cuts down the tendency of the granules t o  qwell and dis- 
rupt 



starch in each case and a sample of untreated but ether-extracted starch was completely 
hydrolyzed with aqueous acid according to the method of Taylor and  els son^' and the 
liberated fatty acids washed, dried, extracted, weighed and their iodine number found. 

The iodine number was determined by the pyridie-dibromide method of Rosen- 
mund and Kuhnhenn except that after adding the pyridine-dibromide solution, the 
mixture was kept in the dark and shaken frequently, and that the excess of iodine was 
titrated with 0.05 N sodium thiosulfate solution. 

The results are given in Table I. It can be seen that as the amount of 
the still-combined fatty acid in the treated starch decreases, its iodine 
number decreases. This shows that on treatment of corn starch with a 
mineral acid, the unsaturated acid radicals, oleyl and linolyl, are split 
more readily from the arnylose than the saturated palmityl radical. The 
latter remains with the amylose and is only liberated when the amylose is 
more completely hydrolyzed. 

TABLE I 

THE EFFECT OR ALCOHOLIC HYDROGEN CHLORIDE ON THE FATTY ACID CONTENT OF 

CORN STARCH 
Fatty acid 
content of 

Time of treatment residue," % Iodine numbers Av. 

None 0.73 93.03,93.09,93.01,92.66,92.28,92.51,92.96 92.78 
Twenty minutes .44 73.07,72.56,73.36,73.11,72.78 72.97 
Forty minutes .21 53.64,53.83,53.71,53.72 53.72 
One hour ,059 27.51,28.84,26.75 27.37 

" Average of two analyses. 

11. The Effect of Basic Reagent on the Liberation of the Fatty Acids 
from Corn Starch.-In alkaline solutions, unmodified starch granules 
swell and form viscous pastes, but they still give a characteristic blue 
color with iodine after acidification. However, the fatty acid content of 
corn starch is greatly decreased by certain alkaline treatments. Rask and 
Phelpss report that heating corn starch for a short time with alcoholic am- 
monium hydroxide removes the fatty acids quantitatively, although in 
this Laboratory it has been shown that eight successive treatments with 
this reagent are needed before the fatty acid content of the starch becomes 
~~egligible.~ 

This reagent was used therefore in studying the action of alkaline re- 
agents on the removal of the fatty acids from corn starch. In Table I1 
will be found the results. 

111. The Effect of Amylases on the Liberation of Fatty Acids.-The 
fate of the fatty acids in corn starch after treatment with an amylase has 
been reported in only one instance. Taylor and Nelson2" have found that 
on allowing corn starch to react with malt amylase, most of the fatty acids 
were liberated during the early stages of hydrolysis, but the amylase 

(7) Rosenmund and Kuhnhenn, Z. Unlersuch. Lebensm., 46, 154 (1923). 
(8) Rask and Phelps, I n d .  Eng. Chem., 17, 187 (1925). 
(9) Taylor and Werntz, T m s  JOURNAL, 49, 1584 (1927). 
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Fatty acid 
Number of content of 
treatments residue,'l % Iodine nulnbers Av. 

None 0.75 93.03,93.09,93.01,92.66,92 28,9X 51,YZ. 96 92.78 
/ Sample I 

One , .28 60.60,60.67,60.88,60.83 60.74 
i Szmple 11 .27 59.54,59 .71, 59.85,59.67 69.70 

Two .18 46.13,42.24,46.23,46.13 46.18 
Three .13 36.87,36.90,36.98,36.90 36.91 

" Average of two analyses. 

preparation used by them had not been tested for fat-splitting enzymes. 
Any lipase present might be expected to hydrolyze the fatty acid com- 
pounds, irrespective of the action of the amylase. This will be demon- 
strated below. 

In this work the action of a substantially lipase-free amylase on corn 
starch was investigated in order to ascertain its hydrolytic effect on the 
combined fatty acids. Should such an amylase attack the fatty acid 
bearing portion of the corn starch (the a-amylose), it could either split the 
carbohydrate, leaving the fatty acids combined with some product of lower 
molecular weight, or it could attack the carbohydrate-fatty acid linkages 
or both. 

Corn starch was treated with several commercial amylases of different 
lipase content, in order to determine whether the presence of lipase will 
affect the quantity of fatty acid liberated during the course of the hydroly- 
sis. The two most likely amylases were "Taka" diastase and "Superase." lo 

The lipase content of the enzyme was estimated by allowing the amylase 
to react on triolein and titrating the ether-extracted free oleic acid formed 
after the well-shaken samples had stood for twenty-four hours. The 
"Taka" diastase mixture was buffered at  a PH of 4.52 and held a t  30° 
while the "Superase" was buffered at  a PET of 7.3 and held at  60'. 

One sample of "Superase" liberated no oleic acid and another liberated 
about 0.5% while the "Taka" diastase liberated 1.5% of the acid. The 
first "Superase" sample is apparently substantially free from lipase. 

Both the "Superase" and the "Taka" diastase were allowed to react with 
corn starch and the effect on the liberation of fatty acids studied. The 
results are given in Table 111. 

Experimental 
Twenty-gram samples of starch were mixed with 100 cc. of cold distilled water and 

poured into 700 cc. of boiling water, taking care that no lumps were formed. To those 
samples containing the Taka diastase, 100 cc. of acetate buffer of PH 4.52 was added; 
to those containing "Superase," 100 cc. of phosphate buffer of PH 7.2-7.3. The samples 
were well stirred and kept in an oven for twenty-four hours. For those containing 

(10) (a) Furnished by Wallerstein Laboratories, 171 Madison Avenue, New York City. (b) Fur- 
nished by the Takamine Laboratory, Inc , Clifton. New Jersey, under the trade name "Clarase C." 



"Taka" diastase the temperature was kept a t  30°, and for those with "Superase," a t  
60". They were then acidified with acetic acid until acid to methyl red, and a small 
quantity of mercuric chloride was added to  each as a preservative. They were filtered 
through wet filter papers and washed with distilled water; the filter papers were dried 
overnight in an oven a t  40°, and extracted for three days in a Soxhlet apparatus with 
ether and the residue in the flask weighed after evaporation of the solvent. 

THE AMOUNT O F  FATTY ACID HYDROLYZED FROM CORN STARCH BY THE AMYLASES 

% of Total 
Fatty acid % of Total Fatty acid fatty acids 

Amylase per split by Taka fatty acids split by ~ I I  starch 
20 g. starch, diastase, split by Taka "Superase," split by 

g. g. diastase g. "Superase" 

0.050 0.0162 12.2 0.0057 4.3 
.lo0 .0244 18.4 .0075 5 .6  
.200 .0451 33.9 ,0103 7.7 

Fatty acid content of the starch, 0.73%. Time of treatment, 24 hrs. 

From the results recorded in Table IV i t  is evident that the amylase 
containing lipase ("Taka" diastase) hydrolyzes the greater quantity of fatty 
acid from corn starch. The "Superase," which showed a practically 
negligible amount of lipase in the test on olein, also liberates the smallest 
amount of fatty acids from the corn starch. 

When "Superase" is used directly on the corn a-amylose instead of the 
starch containing a-amylose there are similar results as shown in Table IV. 

Grams of amylase Grams of fatty acid 
per 3 g. of split from 3 g. 
a-amylose of a-amylose 

% Total fatty acid 
split 

0.050 0.0054 0.0048 4.5 4.0 
.lo0 0.0060 0.0057 5.0 4.8 
,200 0.0050 0.0056 4.2 4.7 
,400 0.0078 0.0079 6.6 6.6 
.600 0.0077 0.0083 6.5 6.9 

1.000 0.0125 0.0127 10.7 10.7 

The fatty acid content of the a-amylose was 3.8%. 

Turning to the production of reducing sugar during this treatment, i t  
was found in two preliminary experiments that when using. 0.05 g. of 
"Superase" per 20 g. of starch made as a 2% paste, the maximum amount 
of reducing sugar occurred after twenty-four hours. For example, when 
several 50-cc. aliquots of the mixture were titrated iodimetrically by the 
Willstatter-Schudell' method the reducing sugar expressed in milligrams 
of iodine per 500 mg. of starch (50-cc. aliquots contain 500 mg. of dry 
starch) was 170 and 171 for a twenty-four hour treatment and 169 and 170 
for a forty-eight hour treatment. 

By increasing the amount of amylase that acts on a given amount of 
(11) (a) Willstatter and Schudel, Ber., 61, 780 (1918): (b) Goebel, J. Biol. Chem., 72, 801 (1927). 
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starch, the production of reducing sugar increases to a maximum for that 
concentration also a t  about twenty-four hours for optimum conditions. 

That the degree of dispersion plays no essential part is shown by the fact 
that the results from ground corn starch12 which disperses easily to  give a 
litnpid paste in hot water are practically the same as those from the thicker 
whole starch pastes. 

,4s the ratio of "Superase" to starch is increased, a larger amount of fatty 
acids is liberated up to a certain point. Increasing the amount of "Super- 
ase" relative to the starch beyond that point causes no further splitting of 
fatty acid residues from the amylose. 

The "Superase" produces reducing sugars from both corn alpha and corn 
beta amylose, so that its action on whole corn starch is not confined t o  the 
beta amylose alone. The average amount of reducing sugar from 500 mg. 
of whole starch is equivalent to  190 mg. of iodine and from the same weight 
beta amylose is equivalent to 202 mg. of iodine, but beta amylose con- 
stitutes only 85% of the whole corn starch.2b Therefore some of the 
reducing material must have come from the alpha amylose. During this 
breaking away of carbohydrate from the main portion of the alpha amylose 
under the influence of the "Superase" only a small portion of the combined 
fatty acids were freed. 

Any residue, therefore, which is left unattacked will have a new ratio of 
carbohydrate to fatty acid which will be unlike the original. Beta amylose 
is completely hydrolyzed to  reducing sugars so if whole corn starch is 
treated with "Superase" any unattacked residue must come from the a- 
amylose alone. 

Acting on these observations a large amount of a 2% corn starch paste 
was treated with the requisite amount of "Superase" under optimum condi- 
tions for twenty-four hours and a residue obtained by centrifuging the 
mixture kept mold free with toluene. This residue after washing was 
dried, ground and extracted for ten hours in a Soxhlet apparatus with ether 
to remove any free fatty acids. Subsequently a sample of the oven-dry 
material was hydrolyzed completely with aqueous acid and the fatty 
acids liberated, extracted, weighed and their iodine number determined. 
This analysis of the carbohydrate-fatty acid compound showed that i t  
contained a large amount of combined fatty acids, namely, 6.3y0, whose 
iodine number was 60.7. The whole corn starch from which the alpha 
amylose had come showed 0.66% fatty acids (all in the alpha) whose iodine 
number was 95.8 while the alpha amylose separated from the same starch 
before the attack of the "Superase" contained 3.8y0 combined fatty acids. 

Discussion of Results 
In this work i t  has been shown that by the use of three methods, namely, 

hydrolysis by acid, by base and by amylase, the fatty acid groups com- 
(12) Taylor and Beckmann, THIS JOURNAL, 51, 294 (1929). 
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bined with the a-amylose portion of corn starch are preferentially liberated. 
In all three cases the unsaturated acid radicals are the more easily removed. 
This result may be accounted for in two ways. It may be due either to a 
general lesser stability of compounds of carbohydrates with the unsaturated 
acids (oleic and linolic) in comparison with those of palmitic acid, or to the 
fact that these unsaturated acid residues are linked at  positions different 
from that of the saturated one on the carbohydrate molecule. Position 
isomerism is known in the case of glucose derivatives to be the cause of 
differences in ease of hydrolysis. 

Summary 
1. The fatty acids associated with corn starch are hydrolyzed pref- 

erentially by acid, by base and by lipase-free amylase. 
2. The linking between the unsaturated portion of the fatty acids and 

the carbohydrate is less stable to hydrolytic agents than that between the 
saturated portion and the carbohydrate. 

NEW YO= CITY RECEIVED JUNE 11, 1932 
PUBLISHED JANUARY 11, 1933 

The Action of Aqueous Alkali on Starches, Arnyloses and 
Modified Starches 

BY T. C. TAYLOR AND G. M. SALZMANN~ 

The most common form of chemical change which starches or amyloses 
undergo gives rise to reducing sugars and is therefore probably a scission of 
glucosidic linkings. During the early stages of these transformations 
rather large changes in the physical aspects of the starches, or more par- 
ticularly the pastes made from these starches, are obvious without any 
great accompanying changes in reducing value as measured by any of the 
common methods. By allowing the hot aqueous alkali to act on the 
sample, however, and then neutralizing and determining the new reducing 
matter iodimetrically by a modified Willstatter m e t h ~ d , ~  i t  was found 
possible to magnify small differences among the starches and amyloses that 
would not be significant when based on the initial reducing value alone. 
This was possible because it was found that when any starch or amylose 
had an appreciable initial reducing value the aqueous alkali produced many 
times that amount after treatment. 

While some inquiry was made into the nature of these reducing sub- 
(1) This is an abstract of a dissertation by G. M. Salzmann, presented to  the Faculty of Pure 

Science of Columbia University in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy. 

(2) (a) Willstatter and Schudel, Ber., 51, 78 (1918); (b) Goebel, J .  Biol. Chem., 72, 802 (1927); 
(c) Kline and Acree, U .  S. Bur. Standards J .  Research, 5, 1063 (1932). 
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stances, the main purpose of this investigation was to use this alkaline 
treatment followed by an iodimetric determination of reducing material as 
a means of discovering whether this behavior toward hot aqueous alkali 
is a property of the original amyloses or is due really to some altered ma- 
terial admixed with the amyloses either as they occur in the starches or as 
they are isolated after disrupting the granules. The technique was em- 
ployed further to find the type of treatment which would have to be given 
a starch or amylose so that it would give subsequently some material 
susceptible to aqueous alkali. 

It will be shown that when a starch or amylose is modified, apparently 
only a part of the original polysaccharide is changed, the unattacked por- 
tion remaining stable to the alkali. The altered portion is completely 
broken down by the alkali but the stable portion is substantially non- 
reducing and similar to glycogen in its resistance to hot aqueous alkali. 
Original starch or amyloses with no history of hydrolytic attack from 
aqueous acid, enzymes, etc., are unaffected by repeated treatments with 
hot aqueous alkali and the amyloid material after such treatments is still 
like the original qualitatively by any of the criteria such as specific rotation, 
blue color with acidulated iodine-iodide test solutions and quantitative 
production of glucose. 

It has been well established by Nef3 and Evans4 that glucose and maltose 
are decomposed by aqueous alkali, giving ultimately numerous non-carbo- 
hydrate substances such as pyruvic and lactic acids, etc. Many of these 
substances consume iodine under the slightly alkaline conditions that 
obtain in the iodimetric technique2 employed here. The amount of iodine 
used up, however, is always much less than that used initially to oxidize the 
aldose. The breakdown with alkali through the enediol form of the glucose 
or maltose gives, according to Evans, the new products and obliterates the 
original sugar. 

On the other hand, while the attack of alkali also begins apparently a t  the 
reducing group in a degraded amylose, the iodine consumption is always 
much greater after the treatment with hot aqueous alkali than it was 
initially. 

Since aqueous alkali might give decomposition products in some en01 
form which would give fictitiously high reducing  value^,^ some of the ma- 
terial after decomposition of the degraded amylose was allowed to remain 
acidified for one hour before .the iodimetric determination was made. 
There was no change in the amount of alkali consumed. 

Combination of the alkaline treatment with the iodimetric titration after 
neutralization gives a rather unique method of attack on the problem, the 

(3) Nef, Ann., 357, 294 (1907); 876, 1 (1910). 
(4) (a) Evans, Edgar and Hoff, THIS JOURNAL, 48, 2665 (1926); (b) Evans and Hutchman, ibid., 

60, 1497 (1928); (c)  Evans and O'Donnell, ibid, 50, 2550 (1928); (d) Evans and Benoy, ibid., I S ,  
294 (1930); (e) Evans, Chem. Rev., 6, 281-315 (1929). 

(5) Wolfrom and Lewis, THIS JOURNAL, 50, 837 (1928); Hudson, ibid., 52,2101 (1930). 



iodimetric method for determining reducing substances avoiding effects of 
alkali that the Fehling method would introduce and measuring somewhat 
more of the decomposition products than the copper method. 

In  establishing the optimum conditions for the estimation of alkali 
labile material in starches and amyloses i t  was necessary to find the effect 
of concentration of alkali and time of treatment on them. Since the iodine 
consuming material produced by the alkali is in the main unknown, all 
results are expressed in milligrams of iodine per 100 milligrams of sample, 
except glucose and maltose. Here, usually, a weight was taken that 
consumed as much iodine initially as the particular starch or amylose with 
which i t  was compared. Due to the production of acidic substances 
during the decomposition with alkali, the total available alkalinity a t  low 
concentrations (0.025 N )  in the volume of solution used was insufficient but 
larger volumes of the same normality gave the expected results. At higher 
concentrations there was no difficulty even with small volumes of reagent. 

Experimental 
Fifty milligrams of the dry sample was added t o  2 cc of water and t o  this mixture 

was added 2 cc. of a potassium hydroxide solution of such a concentration that the 
final mixture would have the desired normality with respect to  the water. In  a few 
cases where the total alkali was insufficient, 4 cc. of the aqueous alkali was taken but the 
normality of the mixture was fixed a t  the desired point by using the appropriate concen- 
tration of potassium hydroxide. The solution was placed in a large test-tube (8 X 1 ") 
and the tube held in a boiling water-bath by a heavy asbestos board cover through 
which were bored holes just large enough to accommodate the test-tube. The test-tube 
was immersed in the water below the level of the cover, to  a depth slightly greater that1 
that  of the contents of the tube. The purpose of this was to  secure the maximum re- 
flux action upon the walls of the tube. In  each case the test-tube containing the alkaline 
mixture was heated for a definite selected length of time. At the end of the period the 
tube was removed from the bath, the contents transferred by washing into a 250-cc. 
Erlenmeyer flask, one drop of phenolphthalein solution%dded and the solution neutral- 
ized with dilute hydrochloric acid. 

For the titration, N/20 sodium hydroxide and N/40 standard iodine solutions were 
employed. As recommended by the Bureau of Standards2' the iodine and sodium 
hydroxide solutions were added dropwise in four alternate portions using 3 volumes of the 
alkali to  4 volumes of the iodine solution. An excess of 2 or 3 cc. of iodine and 3 or 4 
cc. of sodium hydroxide solution was usually added and the mixture allowed to stand 
about five minutes so that the total time before the back titration was twelve to  fifteen 
minutes. After acidification with N/5 hydrochloric acid the excess iodine was titrated 
with N/80 thiosulfate solution. The presence of sulfuric acid or sulfates always led to  
recurring end-points and inconsistent results. . 

When using glucose in similar experiments, the sample was 3.4 g. which 
by iodimetric titration reduced 4.3 mg. of iodine. This amount was taken 
because in subsequent experiments its behavior with hot aqueous alkali 
was compared with that of the particular corn beta amylose which had an 

(6) Both the alcohol solvent and the phenolphthalein consume iodine so the minimum amount 
must he used. For very accurate work, say on glucose, it  is better to use an aqueous solution of methyl 
orange which does not use up iodine [Mallen, .4 nalyst, 54, 244 (1932)j 
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initial reducing value of about the same amount. In  this experiment, 
however, glucose and another corn beta amylose7 were run. 

The results are summarized in the graph, Fig. 1. 
It is evident from the curve that there is always more iodine consuming 

material produced from the corn beta amylose than is initially present 
while with glucose there is always less. The maximum production from 
the amylose is with 0.1 N alkali while glucose is steadily decomposed a t  all 
normalities. 

0 0.8 1.6 2.4 3.2 4.0 4.8 5.6 
Normality of alkali. 

Fig. 1.-Reducing material expressed as mg. of iodine after 
treatment a t  normalities indicated: time constant at  15 minutes; 
Curve 1, corn beta amylose 100 mg.; Curve 2, glucose 3.4 mg. 

To show that water alone has no effect, a sample of the beta amylose was 
treated for fifteen minutes and for two hours under conditions identical 
with the regular run but alkali was omitted. The reducing value was the 
same after the treatment as i t  was initially within the limits of the iodi- 
metric determination. 

Using 0.1 N solutions of potassium hydroxide a series of experiments was 
carried out on some corn beta amylose and on glucose in which the time of 
treatment was varied. This was done to see how the alkali effect changed 
when the treatment was prolonged beyond the fifteen-minute period. 
Each run was made for the specified time, the solution neutralized, cooled 
and the iodimetric titration made. The results are given in a graph, 
Fig. 2. 

After a half-hour treatment the maximum amount of iodine consuming 
material is produced from this sample of corn beta amylose. Continued 
heating produces no more and after the one-hour period there is apparently 
some slight destruction of the reducing material already produced. On the 
other hand, glucose is decomposed to substances of less reducing value 
very early in the treatment. 

(7) Taylor and Beckmann, TaIs JOURNAL, 61,294 (1929). 



Although the maximum effect of the aqueous alkali is noticed with the 
0.1 N concentration, many of the subsequent experiments were carried 
out using 5.45 N alkali because i t  was desired to make comparisons with the 
results obtained by McBride,' who used that concentration on glycogen in a 
similar set of experiments (this is the concentration of alkali used in the 
Pfliiger method for glycogen isolation from t i s s ~ e ) . ~  While the magnitude 
of the effect is not as great as with 0.1 N alkali, i t  is in the same direction. 

Fig. 2.-Reducing material expressed as mg. of iodine after 
treatment for periods indicated: normality of alkali constant a t  
0.1; Curve 1, corn beta amylose 100 mg; Curve 2, glucose 3.4 
mg. 

To find out what the tendencies were when other samples were run with 
the 5.4 N alkali the following materials were taken: (a) corn beta amylose 
separated from ground starch by the electrophoretic m e t h ~ d , ~ , ' ~  (b) corn 
beta amylose separated from alcoholic-hydrochloric acid treated corn 
starch after gelatinization and rupture with ammonium thiocyanate,1° 
(c) corn white dextrin made by heating moist acidulated starch. This 
material has a rather high initial reducing value of 4.1 mg. of iodine. 
(d) A mixture of 100 mg. of corn beta amylose as in (a) with an initial 
iodine reducing value of 2.0 with 3.4 mg. of glucose with initial reducing 
value of 4.3 to make the total 6.3. This was done to see if the method 
would discriminate between glucose and other reducing materials already 
present in the amylose. The complete record is shown in Fig. 3. 

It is interesting to note that there is more alkali labile material in the 
beta amylose separated from the acid-treated, thiocyanate gelatinized corn 

(8) J. J. McBride, Columbia Dissertation, 1929. 
(9) Aych. ges. Physiol. (Pfliigers), 93, 81  (1903). 

(10) Taylor and Iddles, Ind.  Eng. Chem., 18, 713 (1926). 
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starchlo than from that separated from the ground starch7 or even a 
commercial white dextrin made by the dry heating of acidulated corn 
starch. As in previous experiments the glucose is quickly destroyed when 
alone and also when present with the beta amylose. After the first two 
minutes of the alkaline treatment the glucose is no longer a factor while the 
beta arnylose runs its course as in the ~xperiments without the presence of 
glucose. 

These data point again to the fact that the initial reducing material in the 
amyloses and in the white corn dextrin is not, in the main, glucose. 

0 8 16 24 32 40 48 56 64 
Time, minutes. 

Fig. 3.-Reducing matter expressed in mg. of iodine after 
treatments of materials for period indicated with 5.4 N alkali: 
Curve 1, corn beta amylose from acid-treated thiocyanate-gela- 
tinized starch; Curve 2, corn white dextrin; Curve 3, mixture 
of glucose, 3.4 mg., and corn beta amylose, the latter is the same 
material used in getting values in Curve 4; Curve 4, corn beta 
amylose from ground starch; Curve 5, glucose, 3.4 mg.; all 
amylose samples, 100 mg. 

The reducing material present initially which is not glucose must be, 
therefore, closely allied to the amyloses and must have its source in them. 
It is probable that the reducing groups are the point of departure for the 
subsequent alkaline attack and the reducing material produced by this 
decomposition is substantially non-carbohydrate for i t  has no optical 
activity or other carbohydrate properties. In the absence of glucose the 
initial reducing value presages the amount of new reducing material which 
will be formed after the alkaline treatment. 

That not all the starch or amylose is attacked by the alkali is shown by 
the fact that after neutralization of the alkali in any experimerit, consider- 
able quantities of starchy material may be precipitated by alcohol or, better, 
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acetone. This slightly yellow precipitate when redispersed in water gives 
a clear blue color with acidulated iodine-iodide test solution and has a 
specific rotation practically the same as that of the original amylose. 
On complete acid hydrolysis this alkali stable residue yields glucose, 
quantitatively. 

Either the precipitation method or the hydrolysis to glucose and subse- 
quent iodimetric determination of it may be used to estimate the amount 
of amylose which is not susceptible to the attack of aqueous alkali. When 
concentrated alkali is used the latter method is somewhat better since a 
small amount of salt is precipitated with the amylose by the alcohol or 
acetone. 

Experimental 
The Precipitation Method.-1.250 grams of starch or amylose was placed in a 

250-cc. Erlenmeyer flask to which was added 30-35 cc. of water, this mixture usually 
being warmed until a paste formed. To this was added 15 cc. of 0.4 N potassium hy- 
droxide, which made the final solution approximately 0.1 N with respect to potassium 
hydroxide. The flask was then placed in a beaker two-thirds full of water and heated in 
this water-bath a t  100" for one hour. When using whole starches, it  was necessary to 
keep them for one and a half to two hours a t  100" with 0.1 N potassium hydroxide in- 
stead of one hour, since it usually required one-half hour for the thick paste to become 
limpid and only after the production of this thin dispersion due to gelatinization and 
rupturing of the granules, does the alkali destructive action occur as evidenced by the 
production of the yellow color. After this treatment the flask was cooled and the con- 
tents slightly acidified with 2 N hydrochloric acid. Due to slow evaporation, the total 
volume was usually about 10-15 cc. less than a t  the start. To precipitate any un- 
attacked amyloses 100 cc. of ethyl alcohol was now added. Vigorous shaking helped in 
coagulating the colloidal material. When a yellow dextrin was similarly treated, it 
was found that acetone gave a quantitative precipitation, which alcohol often fails to 
do. After the material had completely coagulated, which in some cases occurred almost 
immediately, while in others several hours of standing were required, the clear super- 
natant liquid was decanted off, the residue transferred to a mortar, ground using 
two 15-cc. portions of alcohol and twice washed with ether. This dried residue was 
placed in the oven a t  60-70" for ten to fifteen minutes to remove traces of ether and then 
weighed. This weight represents the recovered amyloses after an alkaline treatment. 
Precipitations of hot water dispersed starch or amylose without an alkaline treatment 
were made so that the percentage recovery could be determined by proportion. For 
this purpose 1.250 g. of starch was placed in an Erlenmeyer flask to which 40-50 cc. of 
water was added. A dispersion was again made by heating, alcohol was subsequently 
added and the precipitated amyloses dried and weighed. 

The 'cHydrolysis Method" for Determining Alkali Stable Residue.-Fifty milli- 
grams of the starch was placed in an &inch test-tube and dispersed in 1 cc. of water, to 
which was added either 1 cc. of 10.4 N potassium hydroxide or 1 cc. of 0.2 N potassium 
hydroxide, so that the final concentration of alkali would be approximately 5.4 N 
or 0.1 N with respect to water as desired in each instance. The mixture was kept a t  
100" for one hour in the water-bath, then cooled and neutralized with 2 N hydrochloric 
acid. To hydrolyze the remaining amylose 5 cc. of 2 N hydrochloric acid was added, 
and the tube placed in the water-bath a t  100". I t  was found that hydrolysis was com- 
plete a t  the end of thirty-five minutes. The solution was cooled and neutralized with 
potassium hydroxide, and the reducing value determined in the usual way. This re- 
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ducing value consists of the sum of the reducing value due to the glucose formed by acid 
hydrolysis, and the reducing material left after the action of the alkali. It will be shown 
later that this treatment with acid does not produce any change in the reducing material 
already present from the alkali treatment. In order to determine the reducing value 
due to the glucose from the unattached amylose, it is necessary to subtract from the total 
value the reducing value due to the alkali treatment. 

2% avoid any error in the percentage of amyioses stable toward the alkaline treat- 
ttient, i t  is also necessary to make conversions of the same amounts of starch or amyloses 
to glucose, but with no alkali pretreatment. Fifty milligram samples of starch or 
amylose were hydrolyzed with 5 cc. of 5 N hydrochloric acid for thirty-five minutes and 
the reducing value in milligrams of iodine found. Then the percentage of unaltered 
residue could be calculated on the basis of the ratio of the glucose from the residue to the 
glucose from the original starch or amylose. 

By multiplying the weight of glucose by the factor 0.9 a weight is ob- 
tained which is recorded as starch. 

The precipitation method and the hydrolytic gave results that differed 
among themselves on repetition on the same sample by about 0.75y0, and 
with one another from 2 to 4%. 

The amount of alkali stable material in the particular samples used in the 
above experiments seems to vary according to the source of the sample. 
From whatever source they appear to be similar in character and all show 
an iodine consumption of one or two milligrams, due probably to adsorbed 
reducing material from the solution out of which they were precipitated. 
When subjected again to the hot aqueous alkali no appreciable change 
takes place even after heating with 0.1 N alkali for three hours. This is 
evident for no reducing material is formed in the presence of alkali, the 
amount of residue after the alkali treatment is substantially the same 
after this second treatment as after the first and the specific rotation and 
iodine color are the same as for samples of original starch. 

To get some clue to the type of treatment that might cause a part of the 
starch or amylose to be converted to alkali labile material, a number of 
starches, amyloses and modified starches were investigated. The initial 
reducing value was determined, they were subjected then to hot aqueous 
alkali, neutralized and the new iodine consumption noted, after which the 
amount of stable residue was estimated. The results have been arranged 
in order of decreasing amounts of alkali stable fractions (see Table I). 

There is an inverse relationship between the initial reducing value and 
amount of amylose remaining after the alkali treatment. Some samples of 
starch have practically no alkali labile material in them while others have 
more. This is due very probably to the method of manufacture and 
possibly to agricultural conditions under which the starch was grown. 
Of the definitely controllable factors aqueous acid is the most potent in 
producing alkali labile material although other conditions such as grinding 
the starch in a ball mill also cause degradation of a part of the amyloses as 
the results under items G and H in Table I show. 
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STUDY OF FACTORS INVOLVED AND RESULTS OBTAINED BY ALKALI TREATMENT OF 
STARCHES AND AMYLOSES 

yo Alkali Initial Reducing value 
stable reducing after 5.4 AT KOH 

residue by value of orig. 1 hr. at 100° 
alcohol substance on on 100-mn. 

Sample 

Potato starch, Sample A 
Corn starch, Sample B 
Ground tapioca starch, Sample C 
Ground potato starch, Sample D 
Lintner's sol. starch, Sample E 
Corn beta amylose, Sample F 
Ground corn starch, Sample G 
Reground corn starch, Sample H 
Corn alpha amylose, Sample I 
Ground corn starch, Sample J 
Corn white dextrin, Sample K 
Thin boiling starch, Sample L 
Ground potato starch, Sample M 
Corn beta amylose, Sample N 

precipitation 100-mg. samples, samples: 
method mg. of iodine mg. of iodine 

Sample A represents a good grade of commercial potato starch. Sample B repre- 
sents a good grade of commercial alkali-washed corn starch. Sample C represents a 
tapioca starch which has been ground for eighteen hours with quartz balls in a ball mill.' 
Sample D represents potato starch which has been similarly ground for 120 hours.7 
Sample E represents Lintner's soluble potato starch made by keeping potato starch in 
contact with dilute hydrochloric acid for six days a t  room temperature and washing 
twenty-two times with water." Sample F represents corn beta amylose, the soluble 
component of 168-hour ground corn starch after electrophoresis and precipitati0n.l 
Sample G represents corn starch ground for 168 hours. Sample H represents sample G 
ground corn starch which had been subjected to  an alkali treatment, and reprecipitated 
out as the stable portion, which in turn was reground for another 140 hours in a small 
ball mill. Sample I represents corn alpha amylose, the insoluble component of 168- 
hour ground corn starch after e le~trophoresis .1~~~ Sample J represents 168-hour ground 
corn starch, reground another 160 hours in a small ball mill, so that  the total time of 
grinding was 320 hours. Sample K represents corn white dextrin made commercially 
by spraying whole starch with dilute hydrochloric acid and heating this damp product 
around 180" for a short period of time.le Sample L represents a "thin-boiling" corn 
starch made by giving whole starch an acid treatment similar to  that given Lintner's 
soluble potato starch.12 Sample M represents potato starch ground for 500 hours in a 
ball mill. Sample N represents corn beta amylose made by treatment of corn starch 
with a n  alcoholic solution of hydrochloric acid, followed by an ammonium thio- 
cyanate gelatinization.1° 

It is interesting to note that the iodine consuming value after a N/10 alkaline treat- 
ment is considerably higher than after the treatment with the more concentrated alkali 
as  exemplified by samples as marked in Table 11, giving for "C," 11.7 mg.; "F," 26.5 
mg.; "G,"25.1mg.; and"K,"36.5mg. 

(11) Gore, I d .  Eng. Chcm., 20, 865 (1928). 
(12) Walton, "A Comprehensive Survey of Starch Chemistry," The Chemical Catalog Co., New 

York, 1928. 
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Further, by grinding a corn starch and determining the alkali stable 
residue from time to time, it has been found that the effect increases with 
increase in time just as is the case in making "soluble" or "thin-boiling" 
starches by asid treatment in the cold. In the latter instance, of course 
the granules are not broken (see Fig. 4). 
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Time of grinding, hours. 
Fig. 4.-Relation between time of grinding of corn starch and 

amount of alkali stable residue. 

The amount of surface exposed to the reagent at  first in the case of the 
ground starch or amyloses is much greater than in the case of the soluble or 
modified starches where the granules are intact but the reagent soon swells 
and ruptures the latter, so conditions are about the same soon after the 
reaction has proceeded for a short time. Even a part of the less easily 
dispersed corn ~ t - a m y l o s e ~ ~ ~ ~ ~ ~ ~  changes with acid treatment or grinding to 
give alkali labile material in a manner similar to the corn beta so that in the 
whole corn starch each of these amyloses is affected by various treatments 
to give alkali susceptible material. A sample of corn alpha amylose with 
an initial iodine reduction of 1.6 mg. per 100-mg. sample gave 10.9 mg. of 
iodine reducing material after a thirty-minute treatment a t  100' in 5.4 N 
alkali. 

When drying a sample of neutral ground starch already containing some 
alkali susceptible material, there was a slight increase in i t  (or decrease in 
alkali stable material). For example, when the initial alkali stable residue 
is 68.0% it changes to 67.0% after four hours, to 62.3y0 after sixteen 
hours, and to 61.5% after fifty hours a t  105'. 

On oven drying moist acidulated starch, which is essentially the process 
of white dextrin manufacture, there is, however, rather extensive break- 
down of the starch, see Table I, item K. Apparently the acid causes this 
change during the early stages of the treatment when there is still con- 
siderable moisture present. Later if the temperature is raised, the white 
dextrin changes to yellow and a loss of water ensues. Finally no more 

(13) Taylor and Lifschitz, THIS JOURNAL, 54, 1054 (1932). 



alkali labile material is formed, but on the contrary any alkali labile ma- 
terial already present is transformed over to alkali shble. This is illus- 
trated rather strikingly by an experiment where a "thin boiling" starch 
containing but 56% alkali stable material (see Table I, Item L) was acidu- 
lated and roasted to make a yellow dextrin. This new dextrin contained 
S6yO alkali stable material even though its initial reducing value was 10.6 
mg. of iodine per 100 mg. of sample. 

A rather large portion of the labile material must have been converted 
to some kind of stable material and the initial reducing value which nor- 
mally would indicate a high alkali susceptible portion in an amylose must 
be in this case due to glucose or maltose or something similar to it for the 
high alkali susceptible portion does not materialize as it would in an 
amylose or starch with this initial reducing value. Some studies are being 
made now on the glucosan types in order to shed more light on these 
findings because the new stable material is not like the original amylose and 
synthetic dextrins from levo-glucosan are stable as is levo-glucosan itself 
toward hot aqueous alkali. 

I t  must be remembered that every starch, amylose or dextrin whether 
it contains a large or small amount of alkali stable material will hydrolyze 
practically quantitatively to glucose on boiling with aqueous acid for a 
sufficient time. All these substances are therefore built up from glucose 
units whether they are alkali stable or alkali labile. 

I t  is evident that starches and their amyloses may contain relatively 
large amounts of hydrolytically degraded but still very similar poly- 
saccharides associated with them. While reducing in character this 
material is not in the main glucose or maltose and not truly water soluble 
although it may disperse. Pastes made from starches containing much of 
this material are less viscous than pastes made from the same weight of that 
same starch which contains but little of the partially broken down alkali- 
labile material. Such degraded starches are known as "thin-boiling" or 
"soluble starches." These changes may come about through enzymic 
attack before the starch is isolated, during the process of manufacture, or 
may be deliberately brought about by acid treatment as in making soluble 
starches, etc. The general appearance of the granule is substantially 
unchanged while these modifications are taking place in the arnylose within. 

When such partially degraded starches are used to make derivatives or 
as a substrate for enzyme action, it is probable that the speed and possibly 
the course of the reaction will be different with the two closely related but 
chemically different products. Such degraded products are very often 
employed for experiments on starch, for one of the first operations is often 
the "solubilizing" of the starch so that the pastes can be handled more 
conveniently. This lack of homogeneity throws some doubt on the results 
when these degraded substrates are used. 
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Another point of interest that develops from this work is the difference 
between the very alkali labile hydrolytic-type dextrins from the continued 
attack of the aqueous acid and the very alkali stable yellow dextrins from 
long roasting of starch. The two types of "dextrins" are obviously not 
the same chemically. 

Summary 
1. When a given starch, amylose or dextrin is heated with dilute or 

concentrated alkali, only a very definite fraction is destroyed by the alkali 
with a corresponding increase in the reducing value of the system as 
measured by the hypoiodite method. 

2. Starch or amylose which has not been degraded is substantially tm- 
affected by hot aqueous alkali. 

3. Two methods are given for quantitatively estimating the portion 
of starch which is stable toward alkali. 

4. Aqueous acid, certain heat treatment or grinding in the presence of 
moisture are capable of producing a high alkali unstable fraction from a 
given starch or amylose. 

5 .  Yellow dextrin made by roasting starch contains a large amount of 
material stable toward alkali. 

NEW YORK CITY RECEIVED JUNE 16, 1932 
PUBLISHED JANUARY 11, 1933 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF NORTHWESTERN UNIVERSITY] 

The Interaction of Ketene with Aromatic Aldehydes and its 
Bearing on the Perkin Reaction 

Shortly after discovering diphenylketene Staudinger2 found that it 
would add to quinone and produce a p-lactone. Ketene itself failed to do 
this. Hence, this property of addition at  carbonyl groups was ascribed 
to the disubstituted ketenes. 

The present work concerns itself with the reaction of ketenes with aro- 
matic aldehydes. From Staudinger's work it would be anticipated that 
no reaction should occur when ketene was passed into benzaldehyde. 
None was observed. If, however, a little anhydrous potassium acetate 
was present, ketene then reacted vigorously with benzaldehyde or furfural 
or m-nitrobenzaldehyde to produce dark colored, viscid liquids. 

If the mechanism of the reaction consisted merely in direct addition, 
B-lactones should have been the major products. They were formed but 
the chief reaction prodtlcts were mixed acid anhydrides, namely, cinnamic 

(11 Holder of a Quaker Oats Fellowship. 1929-1930, administered through the Miner Lahoratori~s 
Chicago. 

(2) Staudinger, Ber., 41, 1355 (1908). 



acetic anhydride, furylacrylic acetic anhydride and m-nitrocinnamic acetic 
anhydride. Such an effect may be summarized in the equation 

KOAc 
ArCHO f 2HzC=C=0 -----+ ArCH=CH-CO-O--COCH3 

Considering the reagents which are taken, this reaction with aromatic 
aldehydes, potassium acetate and ketene resembles the Perkin reaction 
which employs aromatic aldehydes, potassium acetate and acetic an- 
hydride. This is obvious since both ketene and acetic anhydride give rise 
to acetic acid when treated with water. 

Beta Lactones in the Reaction Product.-The presence of the p-lactones 
was established by pyrolysis. Styrene distilled from the benzaldehyde 
material and furylethylene3 from the furfural material. The styrene could 
not have come from cinnamic acetic anhydride or from cinnamic an- 
hydride for they were shown to pyrolyze differently. Furthermore, its 
forerunner could not have been cinnamic acid since it was not present and 
since the decomposition temperatore was lower than that required for 
cinnamic acid. Even milder conditions (steam distillation) were found to 
suffice in the production of furylethylene. In the case of the m-nitro- 
benzaldehyde reaction product, a small amount of liquid was formed as a 
product of pyrolysis. This may have contained m-nitrostyrene but i t  
could not be established with certainty. Nor was i t  possible to isolate the 
p-lactone which, in this case, is known4 to be fairly stable. 

Synthesis and Reactions of Mixed Acetic Anhydrides.-Prior to the 
search for the mixed anhydrides in the reaction mixture they were prepared 
for study. The general method of Hurd and Dull5 was used. Acetic 
cinnamic anhydride was prepared by passing ketene into a solution of 
cinnamic acid in ether. Acetic furylacrylic anhydride was prepared 
similarly from ketene and furylacrylic acid 

n \O,-CH=CHCOOH +:CH,=C=O + ,0rCH=CHCQ--O--COCH8 

Acetic furylacrylic anhydride is new and but little information exists 
regarding acetic cinnamic anhydride. Gerhart,6 who prepared i t  from 
sodium cinnamate and acetyl chloride, reported i t  to be a very unstable oil. 
Using cinnamic acid and acetic anhydride, Autenrieth7 obtained cinnamic 
anhydride but not the mixed anhydride. 

Three reactions of acetic cinnamic anhydride were studied: (a) dis- 
proportionation into the symmetrical anhydrides. This occurred on dis- 
tillation 

2CsH6CH=CHCOOCOCH3 -+ (C6HsCH=CHC0)20 + (CHsC0)20 

(3) Moureu, Dufraisse and Johnson, Ann. chim., 7, 14 (1927); Bull. soc. chim., 43, 586 (1925). 
(4) Prausnitz, Ber., 17, 697 (1884). 
( 5 )  Hurd and Dull, THIS JOURNAL, 54, 3427 (1032). 
(6) Gerhart, Ann., 87, 81 (1853). 
(7) Autenrieth, Ber., 34, 186 (1901). 
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(b) reaction with phosphorus trichloride. Bessons reported the following 
reaction between acetic anhydride and phosphorus trichloride 

(CII,CO)20 + PCI, -+ 2CII,COCI + POCl 

Repetition of this reaction showed that an 85% yield of acetyl chloride was 
formed. Similarly, the mixed anhydride was found to  give an 85% yield 
of acetyl chloride with phosphorus trichloride 
C6H6CH=CHCOOCOCH3 + PC13 --+ C~H~CH=CHCOC~ 3- CH,COCl + POCl 

(c) analysis5 with dry oxalic acid and pyridine. The reaction seems to 
hold quantitatively for the mixed anhydrides of the acetic type; e .  g. 

It is not quantitative for all acid anhydrides, however, as cinnamic an- 
hydride gave but nine-tenths of the calculated volume of gas and m-nitro- 
cinnamic anhydride did not react a t  all. 

Mixed Anhydrides in the Ketene-Aldehyde Reaction Products.-The 
reactions just described were applied on the brown, viscous products of the 
reaction between ketene, aldehydes and potassium acetate. (a) Vacuum 
distillation of the reaction product from ketene and benzaldehyde produced 
some crystalline cinnamic anhydride. The corresponding product from m- 
nitrobenzaldehyde gradually deposited crystals of m-nitrocinnamic an- 
hydride on standing. (b) When phosphorus trichloride was mixed with 
the benzaldehyde-ketene product, the yield of acetyl chloride indicated 
50% of acetic cinnamic anhydride in the material. (c) Using the oxalic 
acid and pyridine method of analysis there was found 59y0 of furylacrylic 
acetic anhydride and 30yo of cinnamic acetic anhydride, respectively. 
The amounts of furylacrylic and cinnamic acids isolated agreed with these 
values. 

Mechanism of the Reaction.-If one assumes that a molecule each of 
ketene and aldehyde participate in the first stage of the reaction, there are 
three modes of addition to be considered: 

A~CH-CH~ A~CH-CH=C=O ~r-CO--CH~ 
I . I  I ; i I 
~--T-CO 0-H H-CO 

I I1 III 

Formula (I) represents a p-lactone. This is undoubtedly formed but 
whether i t  is formed directly or by isomerization of (11) is debatable. 
Formula (11) represents an hydroxyketene, a new type of compound which 
might isomerize into (I) and concurrently might form an acetic ester with 
an excess of ketene. In  this ester, the acetate radical is a t  an end of a 
"three carbon system," with an aryl group a t  the same end. Hence, a 

(8) Besson, Compt. rend., 125, 771 (1897). 



rearrangementvypical of such systems would be anticipated. The 
resultant compound would be the mixed anhydride 

ArCH-CH=CO ArCH=CH-CO 
I ----t 
OAc 

I 
0 Ac 

The p-lactone provides a satisfactory explanation for the arylethylenes 
which were isolated and the hydroxyketene for the mixed anhydrides. 
I t  would be conceivable to consider the 8-lactones as forerunners of the 
mixed anhydrides if they could rearrange into unsaturated acids. These 
acids add ketene normally and give mixed anhydrides. However, @-lac- 
tones do not undergo rearrangement by heat to unsaturated acids. They 
give unsaturated hydrocarbons and carbon dioxide instead. Furthermore, 
the @-lactone, OzN- CH-CH2, is stated4 to be stable a t  the tempera- 

tures used. Hence if formed i t  should not have decomposed into m-nitro- 
cinnamic acid, yet m-nitrocinnamic acetic anhydride was formed. 

Formula (111) lacks support in the present work since benzoylacetalde- 
hyde was not found and since it cannot be regarded as a probable inter- 
mediate in the production of either the arylethylenes or the mixed an- 
hydrides. Mention is made of formula (111), however, because of its 
bearing on Kalnin's recently proposed mechani~m'~ for the Perkin reaction. 
Kalnin assumed the first step to be enolization of acetic anhydride by 
potassium acetate. Then he postulated addition of benzaldehyde to it 
with scission of the aldehyde into hydrogen and benzoyl 

Because of the structural similarity of ketene to enolized acetic anhydride 

CH2=C=0 and CH 2-c<::) - it is reasonable to think that benzaldehyde 

should add to ketene analogously and produce benzoylacetaldehyde, were 
this equation correct. However, as stated above, this was not found. 
Furthermore, with this mechanism it is not apparent why potassium 
acetate is necessary in the ketene-benzaldehyde reaction, for C=C exists 
in ketene (whereas it does not in acetic anhydride). 

Other objections to Kalnin's mechanism are these. PhthaIic anhydridelI 
or benzoyl cyanide,12 with no labile hydrogen, may replace benzaldehyde 
in the reaction with acetic anhydride and potassium acetate. Also, the fact 

(9) Burton and Ingold, J. Chem. Soc., 906 (1928); Burton, ibid., 1650 (1928); 248 (1930): 75'J 
(1931). The wandering of not only the acetate radical but also others such as chloride, bromide, tri- 
chloroacetate and fl-nitrobenzoate is shown and the influence of aryl groups in facilitating the change of 
ArCHXCH=CH% to  ArCH=CHCH2X is demonstrated. 

(10) Kalnin, H d v .  Chim. Acta, 11, 977 (1928). 
(11) Michael and Gabriel, Ber., 10, 391 (1877): Gabriel and Michael, ibid., 11, 1007 (1878). 
(12) Mueller, Ann., 491, 251 (1931). 



Jan., 1933 KETENB WITIT AROMATIC AI,I)RIIPUES 2 79 

that bases induce the condensation of methyl benzoylformate, which con- 
tains no labile hydrogen, with methyl cyanacetate13 is a similar objection. 

The most satisfactory interpretation of the Perkin reaction is one origi- 
nally suggested by Michael,14 which aligns i t  with well-known condensa- 
tions of aromatic aldehydes with other aldehydes, ketones and esters, 
all of which are catalyzed by a base. The general equation becomes 

base 
ArCHO + RCH2-CO-Z + Ar--CHOH-CHR-CO--Z 

wherein Z represents H, R, OR or OCOR. Whether or not dehydration to 
ArCH==CR-CO-Z occurs depends on the conditions of the reaction. 
In such a process, the base may be considered to loosen the C-H bond in 
RCH2-CO-Z. Two carbonyl groups are present to compete for the 
hydrogen, namely, the one in benzaldehyde and the one in acetic anhydride. 
The former gives rise to the Perkin reaction (irreversible) and the latter to 
enolized acetic anhydride (reversible). With this viewpoint, the double 
bond of enolized acetic anhydride loses the significance ascribed to it by 
Kalnin. 

A strictly analogous mechanism best pictures the formation of the 
hydroxyketene (11) in the ketene-aldehyde reaction. 

Finally, it is interesting to call attention to the polymerization of ketene. 
If the dimer of ketene is regarded as acetylketene, CHDCOCH=C=O, 
rather than cyclobutanedione, a preference which seems necessary to 
account for its polymerization15 into dehydroacetic acid, then the mecha- 
nism for the addition of ketene to itself resembles that of its addition to 
aldehydes 

CO CH=C=O CO-CH=C=O " 'k ----f I 
CHZ CH2-H 

ArCH CH=C=O ArCH-CH=C=O 
I1 ' -+ I 
0 O-H 

Experimental Part 
Ketene was synthesized from acetone by pyrolysis.16 In  experiments where i t  was 

desired to have the ketene completely free from acetone vapor, the latter was removed 
by passing the gases through a -80" condenser. 

Acetyl Chloride from Acetic Anhydride and Phosphorus Trich1oride.-Twenty cc. 
(21.6 g.) of acetic anhydride and 20 cc. (32.3 g.) of phosphorus trichloride were distilled 
together with a good column. The acetyl chloride which formed distilled between 51- 
52 O. The yield was 29.5 g. or 89% of the calculated amount. The residue was a yellow, 
paraffin-like solid.8 

Mixed Anhydrides from Ketene 

Furylacrylic Acetic Anhydride.-Fifteen grams of furylacrylic acid was suspended 
in 50 cc. of dry, ice-cold ether and ketene was passed in until it was no longer absorbed. 

(13) Kohler and Corson, THIS JOURNAL, 46, 1975 (1923). 
(14) Michael, Ber., 34, 918 (1901). 
(15) Hurd, Sweet and Thomas, THIS JOURNAL, 66, 335 (1933). 
(16) Hurd, "Organic Syntheses," John UTiley and Sons, Inc., New York, 1924, Vol. IV, p. 40. 



The ether was then evaporated in vacuo. The product was a slightly brown liquid 
which possessed a sharp odor. On standing it gradually changed into a black jelly, a 
change which was facilitated by heating. The compound (freshly prepared) was ana- 
lyzed6 with dry oxalic acid and pyridine. 

Anal. Anhydride calcd. for CgHsOr, 100%. Found: anhydride, 99.5%. 
Cinnamic Acetic Anhydride.-Just as in the previous case, 15 g. of cinnamic acid 

was suspended in 50 cc. of cold, dry ether and treated with ketene. The residue on 
evaporation of the ether was a slightly colored liquid with a sharp odor. 

Anal. Calcd. for C11Hlo03: C, 69.5; H, 5.26. Found: C, 69.1; H, 5.22. 
On standing a t  room temperature, cinnamic acetic anhydride slowly deposited 

cinnamic anhydride.17 This action was rapid on heating. 
Ten grams of cinnamic acetic anhydride was distilled with 11 g. of phosphorus tri- 

chloride. There was formed 3.5 g. (84.5%) of acetyl chloride, b. p. 52'. which gave 
acetanilide, m. p. 114", on reaction with aniline. 

Cinnamic Anhydride.-Cinnarnic anhydride, prepared by pyrolysis of the acetic 
cinnamic anhydride and recrystallized from xylene, melted a t  134O. It was found 
to distil practically unchanged a t  23 mm. a t  a bath temperature of 270". Search was 
made for styrene as a decomposition product without success. 

When pure cinnamic anhydride was analyzed by the oxalic acid and pyridine method 
the reaction was not quantitative. Thus, in one experiment 0.2778 g. of anhydride gave 
rise to 40.2 cc. (corr.) of gas which represents a conversion of 89.5%. In three similar 
runs the values were 87.0.88.8 and 91.1%. Since the purity of the cinnamic anhydride 
was not in question, the method evidently is not a quantitative one in this case. 

Reaction of Aldehydes with Ketene and Potassium Acetate 
Ketene-Furfural Reaction Product.-Fifty cc. (58 g. or 0.6 mole) of furfural and 

3.3 g. of freshly fused potassium acetate were placed in a flask and 0.8 mole of ketene 
passed in. The furfural warmed up to about 60" and turned dark rapidly. I t  required 
about three hours to generate this amount of ketene and the furfural was quite warm 
until the last half hour of the reaction. The total increase in weight was 27 g. and the 
product was a thick, dark brown liquid having an odor of furfural. It was analyzed for 
its acetic furylacrylic anhydride content by the oxalic acid and pyridine method. A 
molecular weight determination was also made on this material. 

Anal. Subs. 0.4358: cc. of gas (corr.), 64.3. Anhydride content calcd. as GHt- 
OCH=CHCOOCOCHs, 59.3%. Mol. wt. Subs. 0.3883. Solvent (benzene), 21.9. 
Freezing point lowering, 0.505". Mol. wt. calcd. for C~H804, 180; found, 175. 

Conversion into Furylethylene 

(a) Direct Heating.-Some of the tarry reaction product was heated in a small dis- 
tillation flask. The liquid distillate was collected in a test-tube which contained a 
trace of pyrogallol to prevent polymerization. This distillate possessed the properties 
of furylethylene.3 It was a liquid insoluble in water. It boiled a t  100". It polym- 
erized and turned dark colored on standing and it decolorized potassium permanganate 
solution instantly. 

(b) Steam Disti1lation.Steam was passed into the reaction mixture of a new run 
starting again with 50 cc. of furfural. The non-aqueous layer of the distillate was the 
top layer. Its volume was 32 cc. It was separated and dried over calcium chloride. 
In  these and in subsequent manipulations, a trace of pyrogallol was always present. 
When dry, 16.5 cc. was collected by distillation to 110'. The remaining 10.5 cc, was 
largely furfural. After washing the 16.5 cc. to remove acetone, about 9.5 cc. of liquid 

(17) Compare Autenrieth, Ber., 34, 186 (1901). 
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remained which was very unsaturated toward permanganate solution and bromine 
water. After drying and distilling all boiled at  97O or below showing i t  to be chieily 
furylethylene. 

The residue from which the furfural and furylethylene had been steam distilled was 
made alkaline with aqueous sodium hydroxide. Four grams of a black tar remained un- 
dissolved. The yield of furylacrylic acid (m. p. 139") which separated by adding acid 
to the alkaline solution was 36 g. This 36 g., coming from 58 g. of furfural, is a 43.5% 
yield. From the furylacry'lic acetic anhydride content (59.3%) of the crude reaction 
product which weighed 85 g., it would have been possible to obtain 38.6 g. of furyl- 
acrylic acid. The value of 36 g., therefore, is confirmatory evidence that  the mixed 
anhydride was present in the amount indicated. 

Ketene-Benzaldehyde Reaction Product.-Fifty cc. (53 g. or 0.5 mole) of benzalde- 
hyde which had been freshly distilled and 3 g. of fused potassium acetate were treated 
with ketene until there was no further action as evidenced by a heating effect (tested by 
feeling with the hand). During most of the time the ketene was being added the reac- 
tion mass maintained itself a t  a temperature of about 60°. The gain in weight of the 
reaction flask was 26 g. which, if caused entirely by addition of ketene, represents 0.62 
mole. The product was a thick, brown liquid having the odor of benzaldehyde as well 
as a slight ester odor. Actually, its benzaldehyde content was a t  least 14y0 since from 
one gram of the crude substance there was produced 0.25 g. of benzaldehyde phenyl- 
hydrazone. The crude material was analyzed for its acetic cinnamic anhydride content 
with anhydrous oxalic acid and pyridine. Also, its apparent molecular weight was 
determined. 

Anal. Subs., 1.0437, 1.0712; cc. of gas (corr.), 75.4, 76.4. Anhydride content 
calcd as CsH6CH=CHCOOCOCHa, 30.6, 30.2 Mol. wt. Subs. 0.7847; g. of solvent 
(benzene), 30.7; depression of freezing point, 0.745'. Calcd. for CllH1~O8, mol. wt., 
190; found, 172. 

By steam distilling the ketene-benzaldehyde product from one run as above the 
excess of benzaldehyde was removed. The residue was extracted with alkali and the 
extract acidified to precipitate the cinnamic acid, m. p. 126'. Sixteen grams of it was 
isolated, which is a 21.8y0 yield based on the original benzaldehyde. Since the cinnamic 
acetic anhydride content of the crude reaction mixture which weighed 79 g. was 30,670'0. 
the weight of cinnamic acid which this should create is 18.8 g. The 16 g. which was 
isolated is satisfactory agreement. 

The product from another identical run was vacuum distilled a t  6 mm. Between 
40-55O, 25 cc. of benzaldehyde which was admixed with a little styrene distilled. From 
55-170°, there was collected 5 cc. of styrene which contained a little benzaldehyde. 
From 170-174O, a light yellow solid distilled (5 g.) which was colorless when purified. 
I t  melted a t  129 O and was shown to be cinnamic anhydride. The styrene was identified 
by converting it into the dibromide which melted at  61 O. 

Five grams of the ketene-benzaldehyde product was distilled with 5 g. of phos- 
phorus trichloride and the liquid boiling up to 85O was collected. On redistillation, 
0.5 cc. of liquid was collected up to 65'. Assuming a quantitative reaction, this yield 
of acetyl chloride would require 2.4 g. of acetic cinnamic anhydride. When treated with 
aniline, this acetyl chloride gave acetanilide, m. p. 114". 

m-Nitrobenzaldehyde and Ketene.-Fifty grams of m-nitrobenzaldehyde was sus- 
pended in 100 cc. of benzene and a little fused potassium acetate added. Ketene was 
then passed in till there was no longer a heating effect. This aldehyde gradually went 
into solution and the solution turned dark brown Toward the end of the reaction an 
almost black oil separated on the bottom of the flask. After standing for several 
days, this black oil changed into a light yellow solid. This solid was filtered off and 
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washed with benzene; yield, 15.5 g. or 25%. I t  melted a t  206". Its insolubility in 
5% potassium hydroxide combined with the fact that a mired melting point value of 
180" was obtained with known rn-nitrocinnamic acid demonstrated that it was not m- 
nitrocinnamic acid. When some of the solid was boiled with 5% potassium hydroxide 
solution it slowly dissolved Acidification of this solution gave m-nitrocinnamic acid 
melting a t  196". The melting point of known m-nitrocinnamic acid was not lowered 
by mixing with this acid. Thus, the original substance was a hydrolyzable derivative 
of m-nitrocinnamic acid. 

m-Nitrocinnamic Anhydride.-This compound has not been described in the litera- 
ture. Elemental analyses cannot be used to identify it since the percentages are so 
nearly identical to the values with the free acid. A molecular weight determination and 
a n  equivalent weight titration were used to prove that the 206' compound was m- 
nitrocinnamic anhydride. The former was determined by Pastak's method's using 
trinitrotoluene as solvent. 

Mol. wt. Subs. 0.2443, 0.5269; g. of solvent (TNT), 12.569, 12.790. Depression 
of freezing point, 0.65', 1.3". Calcd. for C18H120?NZ, mol. wt., 368; found, 344, 364. 
(K = 11.5°/mole/1000 g. of solvent.) Epuiv. wt. Subs. 0.1123 g. dissolved in 5.00 cc. 
of alc. KOH (5 cc. = 25.88 cc. of 0.2016 iV HCI); cc. 0.2016 N HCI, 22.95. Calcd. for 
C18H1207N2, equiv. wt.. 184; found, 190. 

The benzene filtrate from which the 15.5 g. of m-nitrocinnamic anhydride precipi- 
tated was evaporated. The residue was a thick brown liquid. I t  reacted with concd. 
alcoholic potash so vigorously as to make the alcohol boil. However, the reaction was 
quite slow when 20 g. of it was treated a t  0' with a solution of 10 g. of potassium hy- 
droxide in 250 cc. of alcohol. After standing overnight the solution was evaporated on 
the steam-bath. No success attended efforts to extract the tar with ether or benzene. 
On adding water a brown solution formed but most of the tar remained behind. The 
solution was decolorized with charcoal and acidified. Three grams of m-nitrocinnamic 
acid separated; m. p. 193O and mixed m. p. 195". This is a 15% yield. 

The original rn-nitrobemaldehyde-ketene product does not contain acid since on 
standing for one week with sodium carbonate solution there was no brown color in the 
aqueous layer and there was no evidence of gas being evolved a t  any time. 

Twenty grams of the m-nitrobenzaldehyde-ketene product was heated by an open, 
moving flame in an evacuated apparatus. Before there was any profound decomposi- 
tion, 3.5 g. of a liquid was collected as a distillate. This liquid was thought to contain 
m-nitrostyrene for it decolorized potassium perrnanganate solution readily, it absorbed 
bromine instantly and its odor was similar to that of styrene. I t  froze a t  a temperature 
below -20°, whereas m-nitrostyrene is stated to freeze a t  -15O and to melt a t  -5'. 
Although the liquid absorbed bromine i t  was not possible to isolate any mnitrostyrene 
dibromide from the reaction mixture. Hence, it cannot be stated definitely whether or 
not m-nitrostyrene was formed, but its presence is strongly indicated. 

Synthesis of m-Nitrocinnamic Anhydride.-One gram of m-nitrocinnamic acid was 
refluxed with 3 cc. of acetic anhydride for five minutes. White crystals separated 'on 
cooling. These were washed with benzene and then with ether; yield, 0.3 g.; m. p. 206" 
A mixed melting point with the product obtained by the action of ketene gave 204". 
m-Nitrocinnamic anhydride did not react with a mixture of dry oxalic acid and pyridine. 

The anhydride was further identified by converting it into the methyl ester. One 
gram of the anhydride was refluxed for four hours with 10 cc. of methanol, the insoluble 
part filtered off, and the filtrate diluted with water. Methyl m-nitrocinnamate separated 
as small, slightly colored crystals. With no further purification, it melted a t  118' as 
compared with the literature value18 of 124". 

(18) Pastak, Bull. soc. chim., 39, 82 (1926). 
(19) Sudborough and Lloyd, J .  Chem. Soc., 78. 85 (1898). 
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By warming 7 g. of m-nitrocinnamic anhydride with 5 cc. of aniline, m-nitrocinnam- 
anilide was prepared. The solid was washed with dilute alkali and then with dilute 
acid. After recrystallization from benzene the needle crystals melted at 194-195O. 

Summary 

In the presence of a little potassium acetate, ketene reacts exothermically 
with aromatic aldehydes (benzaldeh~de, furfural, m-nitrobenzaldehyde). 
The primary product was considered to be a non-isolable hydroxyketene, 
Ar-CHOH-CH=C=O, but the chief product isolated was a mixed 
acetic anhydride, ArCH=CH-CO-0-COCH3. The presence of a @- 
lactone was indicated in lesser amounts inasmuch as moderate heating of 
the reaction product gave rise to arylethylenes, ArCN=CHa. The mecha- 
nism for the production of these substances is given. The similarity of this 
reaction to the Perkin reaction is pointed out and the mechanism for the 
latter reaction discussed. In this connection, some serious objections to 
Kalnin's mechanism are raised. 

Acetic cinnamic anhydride and acetic furylacrylic anhydride were 
synthesized by the reaction of ketene and cinnamic acid or furylacrylic 
acid. These mixed anhydrides undergo pyrolysis into the symmetrical 
anhydrides. Also, they give good yields of acetyl chloride with phos- 
phorus trichloride and they react quantitatively with dry oxalic acid and 
pyridine, ewh mole of mixed anhydride giving rise to a mole each of carbon 
monoxide and carbon dioxide. Cinnamic anhydride reacts with oxalic 
acid and pyridine, but not quantitatively. 

m-Nitrocinnamic anhydride was synthesized and studied. 
I':VANSTON, ILI.INOIS RECEIVED JUNE 20, 1932 
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The Rearrangement of Alkenyl Phenyl and Cresyl Ethers and 
the Syntheses of Isopropenyl Phenols and 

their Reduction Products1 

By JOSEPIX B. NIEDERL AND EDWARD A. STORCH 

Theoretical Part 
In previous publications report was given on the successful rearrange- 

ment of saturated alkyl phenyl ethers2 brought about chiefly by the ac- 
tion of an acetic-sulfuric acid mixture. That the chemical nature of the 
catalyzer does not play any integral part in these molecular migrations 
had been shown3 and has been further verified recently by Sowa, Hinton 
and Nie~wland,~ who checked the experimental findings of this Laboratory 
in the synthesis of thymol and its isomers from the cbrresponding iso- 
propyl phenyl ethers. The purpose of the research presented in this 
communication was to extend these studies in molecular rearrangements 
to short-chain, alkenyl phenyl ethers (isopropenyl phenyl and cresyl 
ethers) in order to establish the limitations, general applicability, rules 
of migration, and, in general, to obtain a better theoretical understanding 
of this phenomenon. The latter object gains in interest, especially in view 
of the present-day conceptions of the reaction mechanism involved in such 
molecular transitions. As will be shown later, the accomplished rearrange- 
ment of the various isopropenyl phenyl ethers, as set forth herein, makes 
a rigid application of some of the present-day theories quite ditKcult. 
Therefore, in the following, attempts have been made to harmonize and 
to bridge various gaps between such accepted theories and the new ex- 
perimental findings by broadening the scope of the former and incorporat- 
ing certain physico-chemical energy principles. 

Any such attempts, however, required first of all the determination of 
the structure and especially the position taken up by the migrating group 
in the benzene nucleus. 

The isopropenyl phenyl and cresyl ethers mentioned above were pre- 
pared by treating isopropenyl bromide with the appropriate potassium 
phenolate. The rearrangement of the ethers was carried out by refluxing 
with a 10% solution by volume of sulfuric in glacial acetic acid. 

Ortho Rearrangement.-The first point of attack was isopropenyl 
From Part I of the thesis presented by Edward A. Storch to the Faculty of the 

Graduate School of New York University in candidacy for the degree of Doctor of 
Philosophy. 

Niederl and Natelson, THIS JOURNAL, 53, 272, 1928 (1931); 54, 1063 (1932). 
a Rheinische Kampfer-Fabrik, Swiss Patent 144,207 (1931); Schoeller, U. S. 

Patent 1,835,344 (1931). 
4 Sowa, Hinton and Nieuwland, THIS JOURNAL, 54, 2019 (1932). 
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phenyl ether. Its rearrangement gave rise to a product, the main por- 
tion of which was identified as o-is~propenylphenol.~ I t  yielded upon 
catalytic reduction o-is~propylphenol,~ which was identified as o-isopropyl- 
phenoxyacetic acid.? The original isopropenylphenol yielded a crystal- 
line hexabromo derivative which was different from the corresponding 
bromine derivative of $-isopropeoylphenol, reported in the literature.* 
The above evidence suggests that ortho migration was favored and that  
the final product was o-isopropenylphenol. 

,,CHB 
0 - C ~  - OH 

0 '" Rearrangement o-ycH3 yCH2 

This same product: was resynthesized from allyl alcohol and phenol in 
the presence of concentrated sulfuric acid in the cold. A polymer was 
obtained which on distillation gave o-isopropenylphenol, and the follow- 
ing mechanism explaining its formation has been shown to be a general 
one for addition of phenols to an ethylenic linkage, with sulfuric acid as 
the condensing agent.g The first step involved the addition of sulfuric 
acid to allyl alcohol with the formation of a-ally101 sulfate 

CHz=CHCH20H + -+ CH3CH(CH20H)OS020H 

In the next step ether formation can be assumed to take placelo with 
the formation of 0-phenoxypropylene glycol 

/CH20H 
O H  ~ 0 ~ 0 2 0 - 1 - C H - C H ~ O H  > O + CFla I 

-HzS04 ( ) "Y&~ 
From here on, as shown below, the reaction may have proceeded in two 
ways: first, elimination of water in the presence of concentrated sulfuric 
acid at  this stage, followed by rearrangement; or, second, spontaneous 
rearrangement with subsequent elimination of water under the given 
anhydrous condition. In any case, the polymer of o-isopropenylphenol was 
isolated. This polymer, on subsequent pyrolysis, finally yielded the o- 
isopropenylphenol, the physical and chemical properties of which checked 
with the material obtained upon the rearrangement of the isomeric ether 
and with the constants given in the literature. 

(a) Behal and Tiffeneau, Bull. soc. chim., [4] 3, 315 (1908); (b) Hoering and 
Baum, German Patent 208,886 (1909); (c) Fries and Volk, Ann., 379, 95 (1911). 

(a) Spica, Gazz. chim. ital., 9, 42 (1879) ; Jahvesb., 663 (1880) ; (b) Niederl and 
Natelson, Tms JOURNAL, 53, 1933 (1931). 

Fileti, Gazz. chim. ital., 16, 129 (1886). 
Zincke and Greuters, Ann., 343, 94 (1905). 
Smith and Niederl, THIS JOURNAL, 53,806 (1931); Niederl, Smith and McGreal, 

ibid., 53, 3390 (1931). 
Niederl and Natelson, ibid., 53, 273 (1931). 
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In the rearrangement of isopropenyl P-cresyl ether, the isopropenyl 
group could migrate to the ortho position only, the para position being 
occupied and meta rearrangement being unusual. The properties of the 
resulting product, 1-hydroxy-4-methyl-2-isopropenylbenzene, were in 
agreement with the literature." As before, the same product was pre- 
pared from allyl alcohol and fi-cresol in the presence of sulfuric acid. 
The compound obtained was identical with the one mentioned above and 
its formation by rearrangement may be represented as follows 

CHz 
OH 
I 

Rearrangement 

The rearrangement of the isopropenyl m-cresyl ether resulted in a phenol 
which corresponded with the 3-hydroxy-1-methyl-4-isopropenylbenzene 
known in the literature." The product obtained by the condensation of 
allyl alcohol and m-cresol was identical with the above. The phenol 
yielded a bromine derivative corresponding with the pentabromodehy- 
drothymol (2,5,6,42,42-pentabromo-3-hydroxy-l-methyl-4-isopropenylben- 
zene) reported in the literature.12 This evidence would tend to indicate 
that the isopropenyl group migrated to the ortho position. 

CH3 CHI 

This product was reduced catalytically first to thymol and further to a 
menthol. 

l1 (a) Fries and Fickewirth, Ann., 362,46 (1908); (b) Guillaumin, Bull. sac. chim., 
[4] 7, 381 (1910). 

l2 Baeyer and Seaffert, Ber., 34, 47 (1901). 
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I t  may be mentioned that in the case of the condensation of o-cresol 
and allyl alcohol an alkali-insoluble higher boiling liquid was obtained 
in small amounts as a by-product. The formation of such a compound 
is open to several interpretatioas, included among which are a dehydration 
reaction or possibly migration into the side chain ortho to the hydroxyl 
group13 followed by ring closure. 

Para Rearrangement.-The rearrangement of the isopropenyl o- 
cresyl ether yielded chiefly a product which proved to be the l-hydroxy-2- 
methyl-4-isopropenylbenzene. A product obtained on condensing allyl 
alcohol with o-cresol was identical with it. As mentioned above, along 
with this main product in each case was isolated a small quantity of higher 
boiling, alkali-insoluble liquid. 

Inasmuch as all the foregoing reactions showed the isopropenyl resi- 
due migrating in an ortho position to the hydroxyl group, the above case 
seems to show a peculiarity in that para rearrangement is favored. 

Rearrangement I r"'" 
Furthermore, this case is worthy of careful study since Hurd14 states, 
'If either one of the ortho atoms of the aromatic nucleus is unsubstituted, 
the allyl group almost invariably migrates into the ortho position; if both, 
however, are substituted, para rearrangement occurs." 

There have been cases recorded where although one or even both ortho 
positions were vacant, para rearrangement 

In attempting to establish the structure, the product obtained by the 
rearrangement of isopropenyl o-cresyl ether was reduced catalytically 
and the crude material on distillation at  ordinary pressure yielded a color- 
less liquid the characteristics of which were in close agreement with 1- 
hydroxy-2-methyl-4-isopropylbenzene. l6 

On bromination of this reduced product and recrystallization of the re- 
action material from alcohol, there was isolated a crop of very characteristic 
lustrous, golden-yellow plates which resembled in physical appearance 
those described in the literature.17 However, on continued purification 

la Van Alphen, Rec. trav. chim., 46, 287 (1927). 
l4 Hurd, p. 214, "The Pyrolysis of Carbon Compounds," Chemical Catalog Co., 

Inc., New York, 1929. 
l5 (a) Van Alphen, Rec. trav. chim., 46,288, 799 (1927); (b) Niederl and Natelson. 

THIS JOURNAL, 53, 1931 (1931). 
l6 (a) Kelbe, Ann., 210, 40 (1881); (b) Spica, Gazz. chim. ifel., 12, 552 (1882). 
I7 Jesurun, Ber., 19, 1414 (1886). 



this product not only showed a higher melting point, but also analysis 
proved it to be a tetrabromo derivative. 

The 1-hydroxy-2-methyl-4-isopropenylbenzene was itself further charac- 
terized by an acetic acid and a pentabromo derivative. 

In conclusion, on the basis of the work done so far with the isopropyl, 
vinyl, and isopropenyl phenyl and cresyl ethers and the corresponding 
phenols, it appears that migration of the alkyl or alkenyl side chain ortho 
to the hydroxyl group is favored, except where one or both of the ortho 
positions are already occupied or are influenced by steric hindrance, then 
para rearrangement predominates. 

As was previously stated, in view of these advances in the rearrange- 
ment of alkyl and alkenyl ethers a satisfactory reaction mechanism that 
would be in harmony with these experimental findings should be sought. 
Evidently, Claisen's mechanismlS for the rearrangement of unsaturated 
alkyl phenyl ethers, in which the migration is claimed to take place through 
the gamma carbon atom, cannot be applied to the cases cited here due to 
the absence of the required atomic grouping. Hurd and Cohen'slg sug- 
gestion of free radical formation would require the production of certain 
by-products, that so far could not be found, while Kursanov's20 hypothesis 
of scission of the ether into an alkali halide and recombination with a nu- 
clear carbon atom in the manner of the Friedel-Crafts reaction2' is a priori 
out of the question for the cases cited. In consideration of the rearrange- 
ment mechanism offered by Van Alphen,13 involving oxonium compound 
formation and the one advanced by LapworthZ2 for various other types 
of molecular rearrangements and already applied in the synthesis of thy- 
mol, its derivatives and h ~ m o l o ~ s , ~ ~ ~  the following reaction mechanism is 
herewith offered. 

As the following arrangement of atomic groupings appears to be funda- 
mental for the migration of the alkyl radical to the nuclear carbon atom 
ortho to the ether oxygen 

ElEz=Ea -+ Et=EzEa ElEz=Ea 

k $ I I 
R H  H R 

i t  must be applicable to the cases presented herein. Where ortho re- 
arrangement takes place, namely, isopropenyl phenyl, m-cresyl and #- 
cresyl ethers, the following reaction mechanism could be given. It should 
be noted that these ethers possess two of the active atomic groupings. 

18 Claisen, Ber., 45, 3157 (1912); Ann., 237, 261 (1887); 401, 21 (1914); 418, 
69 (1919); 2. angew. Chem., 36, 478 (1923); Claisen and Tietze, Ber., 58, 275 (1925); 
59, 2344 (1926). 

19 Hurd and Cohen, THIS JOURNAL, 53, 1917 (1931). 
Kursanov, J. Russ. Phys.-Chem. Soc., 48, 1172 (1914). 

21 Friedel and Crafts, Ann. chim. phys., 161 1,  502 (1884). 
22 Lapworth, J. Chem. Soc., 73, 445 (1898). 
228 Niederl and Natelson, THIS JOURNAL, 54, 1063 (1932). 
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The original Lapworth theory must be extended to explain the for- 
mation of a para isomer. 

E ~ E ~ = E ~ E ~ = E S  + EI=EZE~=E~E~ EIE~=E~E~=ES 
I 

R 
I 

H 
\ -  I 

R H  H 
I 
R 

Applied to the case of the observed formation of the para isomer of 
isopropenyl o-cresol, the intramolecular rearrangement can then be illus- 
trated in the following manner. 

CH3 CHI 

VI 

Quite obviously, the ether does not pass to the quinoid form (11) with- 
out some impulse; nor is i t  expected that the ether changes directly to 
the phenol, in spite of the fact that the phenol has a lower energy po- 
tential than the ether.. It is assumed therefore that the ether first passes 
to the intermediate structure 11, at  a higher energy level, from which 
it now readily goes to the phenol 111, at  the lowest energy level. 

The impulse for the change from the ether to the intermediate com- 
pound is postulated as arising directly from an addition of sulfuric acid 
to the ether oxygen, forming a transitory phenyl isopropenyl oxonium 
sulfate (VIII) with a higher energy potential. 

H 
: /\ ,H 

C-0---R +&So4 + ( A<H\~oSO~OH C=O' + 
C-H OSO~OH 

\/ \/ R 
VII VIII IX 
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Related oxonium sulfates of ethers are known in the l i t e r a t ~ r e . ~ ~  
The oxonium compound then passes to the more stable quinoid configura- 

tion (IX-similar to 11). These quinoid addition compounds have been 
reported by Richter.24 

The next step in the mechanism involves a change from the quinoid 
carbonyl addition compound to a still more stable one of a hemi-acetal 
structure (X). Hydrolysis with the elimination of sulfuric acid is brought 
about resulting in the final phenolic product (XI). 

An effective rationalization of the suggested mechanism may be attained 
from a consideration of the repulsion energies of the atomic kernels in the 
bonds involved. The following scheme represents the changes in the bonds 
during the rearrangement. 
(0-C) + (C-H) -+ (0-C) + (0-H) + (0-0) + (C-H) * 

VII. Ether VIII. Ether oxonium compound 
(0--HI + (0-0) + (c-HI +( C-C) -+ (+HI + ( e c )  + (c-H) + (c -c )+  

IX. Quinoid carbonyl addition X. Quinoid hemi-acetal 
compound 

------t (+H) + (C-C) 
XI. Phenol 

According to Latimer26 the values of the repulsion energies expressed 
in kilocalories, in the above linkages are 

(C-H) 550 kilocal. (0-C) 2800 kilocal. 
(0-H) 940 kilocal. (0-0) 4550 kilocal. 
(C-C) 1700 kilocal. 

Substituting these values in the above equation 
3350 - 8840 - 7690 ------t 5590 - 2640 
VII 4-5490 VIII -1150 IX -1700 X -3350 XI 

It can now be seen that to pass from the ether (VII) to the oxonium com- 
pound (VIII) involves a gain of repulsion energy amounting to 5490 kilo- 
calories, which appears to furnish the necessary impulse for the following 
changes. All the succeeding intramolecular rearrangements are accom- 
panied by losses of repulsion energy amounting to 1150, 1760 and 3350 
kilocalories, respectively, until the more stable phenol with the least 
intramolecular energy content is obtained. 

This mechanism is not specific for a rearranging mixture of sulfuric and 
glacial acetic acids. Where boron trifluoride4 or other substances have 
been used, the reaction mechanism may be postulated as being quite similar 
except that a i ~  addition of boron trifluoride takes place instead of sulfuric 
acid to form the transitory oxonium compound. 

Furthermore, in isolated cases (allyl, cinnarnyl and diisobutyl phenyl 
Erlenmeyer and Kiichbaumer, Ber., 7, 699 (1874) ; Tschelinzew and Koslow, 

J.  Russ. Phys.-Chem. Soc., 46, 711 (1915). 
24 Richter, Ber., 43, 3600 (1910). 
z5 Latimer, THIS JOURNAL, 51, 4168 (1929). 



Jan., 1933 REARRANGEMENT OF ALKBNYL AKPL ETHERS 29 1 

ethers) where heat alone has been employed to effect rearrangement, the 
above mechanism offers a satisfactory explanation. Assuming the for- 
mation of oxonium compounds between identical molecules, then the 
succeeding transitory bimolecular addition compounds of the quinhy- 
drone type may be formed and finally the substituted phenol is obtained. 

In regard to the velocity of reaction in the rearrangement of alkyl and 
alkenyl phenyl ethers, work in this Laboratory with vinyl, isopropyl, 
isopropenyl, secondary-butyl and -amyl and diisobutyl phenyl ethers tends 
to indicate that the longer the wandering side chain (greater the molecule), 
the more rapid is the migration. On the basis of physical principles such 
a tendency may be explained as being due to the greater possibility of 
collision with larger molecules proceeding through the changes indicated 
by the above mechanism ("Zweistoss" system). 

In the accomplished rearrangement of isopropenyl phenyl ethers, the 
postulated mechanism, based upon the changes in the inner energy po- 
tentials of the compounds suggested, is further enhanced by the fact that 
these migrations involve the passing from an isolated system of double 
bonds to a conjugated system. Examination of the structures I and IV 
indicates that the unsaturation of the alkenyl group of the ethers is not 
in conjugation with the double bonds in the cyclic nucleus, forming an iso- 
lated system. On the other hand, the phenol structures I11 and VI have 
the double bonds arranged in the form of conjugated systems. H e n r i ~ h ~ ~  
states that substances which possess conjugated double linkages "are more 
highly saturated" than substances which possess two separate pairs of 
double bonds. This would account for the greater stability of the conjugated 
system and elucidates once more the tendency of the isopropenyl phenyl 
ethers to pass to the corresponding phenols under the proper conditions. 

Experimental Part 

Preparation of Isopropenyl Phenyl and Cresyl Ethers.-The isopropenyl phenyl 
and cresyl ethers were obtained by the action of isopropenyl bromide upon potassium 
phenolate (cresolate). 2,2-Dibromopropane was jirst prepared by the method of 
Friedel,=T which consists in treating acetone with phosphorus dibromotrichloride. The 
dibromopropane was converted to isopropenyl bromide by the method of R6boulZs 
whereby hydrogen bromide is eliminated by the use of sodium ethylate. The potassium 
phenolate was then prepared by adding a mole of potassium hydroxide to a molc of 
the phenol with mild heating. When a homogeneous system was obtained a mole of 
the isopropenyl bromide was slowly added and the whole refluxed for two hours. Water 
was then added to dissolve the potassium bromide, and the ether separated as a colorless 
liquid. On distillation a t  ordinary pressure the pure product was obtained. 

Rearrangement of Isopropenyl Phenyl and Cresyl Ethers.-The ethers prepared 

e8 Henrich, "Theories of Organic Chemistry," Johnson and Hahn, John Wiley and 
Sons, Inc., New York, 1922, p. 38. 

" Friedel, Ann. chizim. phys., [4] 16, 356 (1869). 
Z8 Reboul, ibid., [5] 14, 475 (1878). 



in the above manner were rearranged according to the method found most satisfactory 
in this Laboratory for phenyl  ether^.^^^"^ The ether was refluxed for five hours with a 
10% solution of sulfuric acid in glacial acetic acid, where the quantity of sulfuric acid 
was equimolar to the ether. The reaction mixture was allowed to stand overnight. 
After transferring to a separatory funnel, a volume of salt solution somewhat greater 
than that of the reaction mixture was added and the liquid layer which separated was 
drawn off. This consisted of unrearranged ether and the substituted ether; this latter 
was extracted with a 10% caustic potash solution and reprecipitated with concentrated 
hydrochloric acid. An ether extract was made; this was dried with calcium chloride 
and the substituted phenol was obtained pure by distillation. 

Preparation of Isopropenylphenols and Cresols by the Condensation Method.-The 
method employed in these condensations is a modification of that reported in earlier 
articles.80 To a solution of molar quantity of allyl alcohol and of the phenol, a fifth 
mole of sulfuric acid was added drop by drop. The mixture was cooled in an ice-bath 
and well shaken throughout the addition of the acid. The reaction flask was then 
stoppered with a stopper containing a calcium chloride drying tube and slowly allowed 
to come to room temperature. After standing for one week, the reaction mixture, a 
hard reddish mass, was pulverized and then washed with cold water to remove un- 
reacted allyl alcohol, sulfonic acids and sulfuric acid. The washed product, an orange- 
red solid was a polymer of the isopropenylphenol On distillation a t  ordinary pressure 
(slight decomposition took place), depolymerization was effected and a monomer was 
obtained as a colorless liquid which darkened on standing. 

Catalytic Reduction of Isopropenylphenols and Cresols to the Corresponding 
Isopropyl Compounds.-With the use of a catalytic reduction apparatus a calculated 
quantity of hydrogen was allowed to react with a weighed sample of the unsaturated 
alkyl phenol in an absolute alcohol solution. A platinic oxide catalyst was employed. 
After the required amount of hydrogen had reacted the solution was decanted from 
the catalyzer, and the alcohol allowed to evaporate spontaneously, while the solution 
was kept free from dust. The resulting product was then fractionally distilled to 
yield the pure isopropylphenol.31 

Preparation of Phenoxg and Cresoxy Acetic Acids.-Two grams of the substituted 
phenol was added to one gram of solid potassium hydroxide dissolved in 15 cc. of water. 
This mixture was warmed on a water-bath until complete solution took place. Two 
grams of bromoacetic acid was dissolved in 10 cc. of water and 3 drops of phenol- 
phthalein added; 10% potassium hydroxide was then added until a permanent pink 
color was obtained. The two solutions were then mixed and gently boiled for ten 
minutes. When cool, the mixture was placed in an ice-bath and neutralized with 
concentrated hydrochloric acid. Precipitation in the cold avoids the formation of 
undesirable oils. If an oil was formed, it solidified on standing. The product was then 
recrystallized from water. 

Preparation of Bromine Derivatives.-These were prepared by treating the pure 
phenol with an excess of bromine in the cold, without the use of a solvent. The whole 
was then allowed to stand until all the hydrogen bromide and excess bromine had 
evaporated. The dark mass was then transferred to a porous tile and washed suc- 

29 Niederl, Natelson and Smith, Indianapolis Meeting of the American Chemical 
Society, 1931; Niederl and Natelson, THIS JOURNAL, 54, 1068 (1932). 

30 Niederl, ibid., 50, 2230 (1928) ; 51,2426 (1929); 2. angew. Chem., 44,467 (1931) ; 
Monatsh., 60,150 (1932); Niederl and Casty, ibid., 51,1028 (1929); Niederl and Natelson, 
THIS JOURNAL, 53,272 (1931) ; Smith and Niederl, ibid., 53, 806 (1931) ; Niederl, Smith 
and McGreal, ibid., 53, 3390 (1931). 

31 R. A. Smith, private communication, New York University. 



M. p., 
Compound Formula OC. 

Products with Pher~ol 
Isopropenylphenyl ethe132 CHn=C(CH3) OCsIIs 
o-Isopropenylphenol (by rearrangement of above)% CHz=C(CHa)CsH40H 
o-Isopropenylpbenol (by condensation) CH2=C(CH3)CsHaOH 
Sexabromo-o-isopropenylphe~~ol CgHaOBra 84 

W o-13opropylphenol (by reduction of o-isopropenyl- 
phenol)' CH(CH:)2C6HaOH 

W o-Isopropylphencxyacetic acid (from o-isopropyl- 
phenol)',' CH(CHa)2CsHaOCH2COOH 130 

2 
4 Products with p-Cresol 

Isopropenyl p-wrsyl ether CHI=C(CHJ)OCGH~CHI 
2-Isopropenyl-4-methylphenol (by rearrangement 

W of above)" CH~=C(CHI) CsH3(CH3)0H 
2-Isopropenyl-4-methyiphenol (by condensation) CH~=C(CI I~)C~HJ(CH~)OII  

4 Products with m-Cresol 

8 Isopropenyl m-cresyl ether CH2=C(CHa)OCsHaCIIj 
c 5-Methyl-2 isopropenylphenol (by rearrangement 

of CHz=C(CH3) C~H~(CHZ)OH 
5-Methyl-2-isopropenylphenol (by condensation) CH2=C(CH,)CsHa(CH3)OH 

0 2,5,6,42,42-Pentabromo - 3 - hydroxy - 1 - methyl- 
4-isopropenylbenzene'r CBrz=C(CH$) CsBr3(CH3)0II 103-104 * x-Menthol (by reduction of 5-methyl-2-isopropenyl- 

f4 phenol) CloHzoO 

2 Products with o-Cresol 
Isopropenyl o-cresyl ether CHz=C(CH3) OCsH4CHa 
2-Methyl-4-isopropenylphenol (by rearrangement 

of above) CKz=C(CHs)CsHa(CHs)OH 
2-Methyl-4-isopropenylphenyl (by condensation) CHz=C(CHs)C'Ha(CH3)OH 
Pentabromo-2-methyl-4 isopropenylphenol GoH7OBrs 202 
2-Methyl-4-isopropenylphenoxyacetic acid CH~=C(CH~)C~H~(CH~)OCHZCOOH 110-111 
2-Methyl-4-isopropylphenol (by reduction of 2- 
methyl-4-is~propenylphenol)~~'" CH(CHa)zCsHa(CHs)OH 

2 2-Methyl-4-isopropylphenoxyacetic acid CH(CHI)ZCSHI(CH~)OCHZCOOH 140-141 - Tetrabromo-2-methyl-4-isopropylphenol (from 2- 
$ methyl-4-isopropylphenola CloH1oOBr4 236-237 
h 

Ruhemann and Wragg, J. Chem. Soc., 79, 1190 (1901). 

B. P., 
"C. Sp. gr. n~ 

-Analyses, % - 
Carbon Hydrogen 

Calcd. Found Calcd. Found 
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" The lustrous, golden-yellow plates obtained were shown t o  be identical with the 
2,4,5-tribromo-6-hydroxy-l-methyl-3-isopropylbenzne, melting point 223O, reported 
previously by Niederl and Natelson. THIS JOURNAL, 53, 1931 (1931). I t  is postulated 
that  it  is also identical with the 2,4,5-tribromo-6-hydroxy-l-methyl-3-isopropylbenzene, 
melting point 221°, reported by Jesurun, Ber., 19, 1414 (1886), who offered no analysis 
for the compound. 

cessively with small quantities of benzene to remove the tarry material and last traces 
of bromine. Recrystallizations were then effected from alcohol or benzene. 

The quantitative determinations were performed microanalytically according to 
Preg1.33 

Summary 

1. ,Short-chain alkenyl phenyl ethers (isopropenyl phenyl and cresyl 
ethers) were rearranged to the corresponding isomeric substituted phenols 
by means of a mixture of concentrated sulfuric and glacial acetic acids. 
Proofs for the structure of the products were advanced and a general rule 
as to the position of migration of the alkenyl side chain was postulated. 

2. The rearranged products were resynthesized by the addition of the 
corresponding phenols to allyl alcohol. These extensions of this addition 
reaction show that addition of phenols to allyl alcohol is a general process. 

3. A reaction mechanism was advanced for the rearrangement as well 
as for the addition reaction, involving the postulations of Van Alphen, 
Lapworth, Latimer and others. 

4. The generally acknowledged rearrangement mechanism of Claisen 
for unsaturated alkyl phenyl ethers was found inapplicable to isopropenyl 
phenyl ethers. Preliminary work in the field of related compounds such 
as cinnamyl alcohol, cinnamyl chloride, the various cinnamyl phenyl 
ethers and esters, further indicate the insufficiency of the Claisen mecha- 
nism. 

NEW YORK, N. Y. RECEIVED JUNE 23, 1932 
PUBLISHED JANUARY 11,1933 

a3 Pregl, "Quantitative Organic Microanalysis," P. Blakiston's Sons and Co., 
Philadelphia, Pa. 
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Synthesis of a Series of Alpha-Substituted 
N-Me thylpyrrolines 

Introduction 

As part of a systematic study of structure and physiological action in the 
nitrogen heterocyclics it seemed desirable to prepare and study a series of 
a-substituted N-methylpyrrolidines. Although several members of the 
series have previously been prepared a suitable general method of synthesis 
was lacking. 

Loffler2 prepared several of the aliphatic members of the series by ring 
closure of a-substituted butylmethylamines but LaForge3 was not able to 
effect ring closure of 1-methylamino-1-phenylbutane by the same method. 
Methylation of the corresponding a-substituted pyrrolidine offers another 
possibility since a general method of synthesis of a-substituted pyrrolidines 
has been given4 but methylation of heterocyclic nitrogen is usually a poor 
and oftentimes impossible procedure from a synthetic standpoint. The 
following synthesis was proposed in this Laboratory and proved satis- 
factory for the preparation of the compounds in the quantity desired. 

HzC-CH2 Reduction &C---CH, 
/ 1 electrolytically I I Grignard reagent 

O=C C=O - H2C C=O - ---+ 
\N/ 

I 
\N/ 

I 

H2C-CHZ Hydrolysis H2C-CH HzC-CHI 
I I and heat 1 11 Reduction I 1 

HzC C-OMgX - HaC C-R HIC CH-R 
\NAR \N/ \N/ 

The a-substituted N-methylpyrrolines are intermediates in the above 
synthesis. As these compounds have been little studied5 it  seemed well to 
report their synthesis and properties in a separate preliminary paper. 

a-Methylpyrroline has been found by Marz6 to react with hydroxyl- 
amine, semicarbazide and phenylhydrazine in aqueous solution. The 
following equilibrium has been postulated to account for the reaction. 

(1) National Research Fellow. 
(2) Lijffler, Ber., 43, 2046 (1910). 
(3) LaForge, Tars JOURNAL, 60, 2471 (1928). 
(4) Craig and Hixon, ibid , 63, 1831 (1931). 
(5) While this work was under way the work of Lukes, Collection Caechoslw. Chem. Comm., 2, 

531-44, who synthesized several a-substituted N-methylpyrrolines by a similar method, appeared. 
(6) Marz, Diss. Techn. Hochsch.. Miinchen, 1913. 



The same equilibrium has been found in the case of the analogous tetra- 
hydropyridine series.? However, the compounds prepared in this Labora- 
tory did not appear to exhibit the equilibrium. None of the series gave 
any indication of a reaction with semicarbazide or phenylhydrazine. 
When added to a solution containing equivalent quantities of hydroxyl- 
amine hydrochloride and potassium carbonate all of the derivatives 
readily dissolve but this fact cannot be taken as evidence for an equilibrium 
in the aqueous solution of the compound. A curious reaction of pyrrole 
derivatives with hydroxylarnine according to the equation 

HC-CH HzC-CH2 
II II I I 

R-C C-R f 2NHzOH + R-C C-R f RNHs f Hz0 
\N/ 11 11 

I HON NOH 
R 

has long been known.8 I t  is only logical to expect that the half reduced 
pyrrole will act similarly with regard to the unreduced half of the ring. 
a-Methyl-N-methylpyrroline is the only member of the series that is soluble 
to any extent in water. All the other derivatives, when shaken with water 
and the layers separated, show little if any water to be present in the oily 
layer. 

a-Methyl-N-methylpyrroline is the only member of the series which 
does not distil normally. Its behavior upon distillation can best be ex- 
plained by a reversible polymerization to a dimer according to either or 
both of the following equations 

CHI 

This view is supported by the behavior of the compound upon reduction. 
The reduction products contain a 45% yield of a-methyl-N-methylpyrrol- 
idine but also a 50% yield of a compound boiling a t  132-134O (20 mm.). 
Analysis shows the compound to have the empirical formula (C8HI2N), 
which corresponds with that of the dipyrrolidine expected from either of 

(7) Lipp and Widmann, Ann., 409, 90 (1915). 
(8) Ciamician and Zanetti, Ber., 22, 1968 (1889); 23, 1787 (1890); Fischer and Zimmermann, Z. 

phusiol. Chem., 89, 163 (1924). 
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the two postulated dimers if the unstable cyclobutane ring is ruptured. 
It has been shown by Lipp

g 
that the analogous compound N-methyltetra- 

hydropicoline polymerizes to a dimer which dissociates again quite easily. 
As a class the a-substituted N-methylpyrrolines are all unstable and 

quickly develop a deep red color after distillation when exposed to the 
atmosphere. However, they may be preserved colorless indefinitely if 
carefully sealed in ampoules with the exclusion of air. They are soluble in 
all organic solvents but insoluble in water with the exception of a-methyl- 
N-methylpyrroline, which is soluble in almost all proportions. They have 
a characteristic unpleasant odor. 

Reduction of the series of a-substituted N-methylpyrrolines will be 
reported in a later paper. 

The writer wishes to thank Professor E. Emmet Reid for his encourage- 
ment and advice during this work. 

Experimental 
Synthesis of N-Methyl-a-pyrro1idone.-This compound was first synthesized by 

Tafel and Was~muth;~o later by Spath and Bretschneider.ll They reduced succinimide 
electrolytically a t  a lead cathode using a high current density. The resulting pyrroli- 
done was converted to the sodium derivative and methylated with methyl iodide or sul- 
fate. A much more convenient synthesis is the electrolytic reduction6 of N-methyl- 
succinimidel2 by the method of Tafel and Stern.13 The reduction product is isolated 
from the 50% sulfuric acid solution by a continuous extractor which is a modification of 
the Soxhlet extractor designed to extract aqueous solutions by chloroform. This method 
of isolation almost doubles the yield obtained by the method of L u k e ~ . ~  Fractionation 
of the chloroform extract gives a yield of 80% of the theoretical amount of N-methyl- 
a-pyrrolidone boiling a t  94-96" (20 mm.) and a small amount of unreduced succinimide. 

Synthesis of a-Substituted N-Methy1pyrrolines.-The Grignard reagent is pre- 
pared in the usual way using 2 moles of RX. One mole of pyrrolidone in an equal 
volume of ether is added dropwise. The mixture is allowed to stand overnight and hy- 
drolyzed with an equivalent of hydrochloric acid. The aqueous layer is treated with 
excess sodium hydroxide solution and steam distilled. The base recovered from the dis- 
tillate is dried over solid potassium hydroxide. 

Compounds 

TABLE I 
Analysis, % 

Found 
H C?lculated C H 

In the following table which describes some properties of the series the per- 
centage yield is calculated on the weight of N-methyl-a-pyrrolidone used. 

(9) Lipp, Ann., 289, 218 (1896). 
(10) Tafel and Wassmuth, Ber., 40, 2839 (1907). 
(11) Spath and Rretschneider, ibid., 61, 330 (1929). 
(12) Menschutkin, Ann., 182, 90 (1876). 
(13) Tafel and Stern, Ber., 33, 2224 (1900) 



TABLE I1 
Compounds Yield, % B. P., "C. Picrate Oxalate 

a-Phenyl-N-methylpyrroline 70 105-109 (11 mm.) M. p., 139' M. p., 138" 
a-n-Butyl-N-methylpyrroline 54 86-87 (30 mm.) M. p., 66" Oil 
a-n-Propyl-N-methylpyrroline 50 176-177 Oil Oil 
a-Ethyl-N-methylpyrroline 53 148-149 M. p., 114" Oil 
a-Methyl-N-methylpyrroline 50 130-131 Decd. upon Oil 

heating 

The measurement of other physical properties of the series is impractica- 
ble due to the speed with which the colorless freshly distilled base decom- 
poses or reacts with the atmosphere. a-Methyl-N-methylpyrroline does 
not always distil in the same way in separate preparations. While in one 
run it distils completely a t  130°, in another it cannot be distilled a t  atmos- 
pheric pressure. This run, a t  30 mm. pressure does not give a well-defined 
distillation but the entire lot distils over, the temperature reaching as high 
as 140' (30 mm.) depending on the rate of distillation. The entire distillate 
comes over a t  125-130' a t  atmospheric pressure when immediately re- 
distilled. 

Hielscher14 first prepared a-methyl-N-methylpyrroline by ring closure of 
CH3COCH2CH2CH2NHCH3. He reported that the compound could not 
be distilled under atmospheric pressure but gave no explanation of its 
instability. LaForge3 reported the preparation of a-phenyl-N-methyl- 
pyrroline. The properties of a-n-propyl- and a-ethyl-N-methylpyrroline 
correspond substantially with those reported by L u k e ~ . ~  a-n-Buty1-N- 
methylpyrroline could not be found in the literature. 

Summary 

N-methylsuccinimide was reduced electrolytically and N-methyl-cu- 
pyrrolidone recovered in a yield of 80% of the theoretical. 

A series of a-substituted N-methylpyrrolines have been prepared and 
their properties discussed. a-Substituted N-methylpyrrolines were not 
found to react with water in aqueous solution to give amino ketones and an 
explanation of the reaction with hydroxylamine in aqueous solution has 
been given. 

a-Methyl-N-methylpyrroline has been shown to polymerize to a dimer 
which dissociates again quite easily. 

BALTIMORE, MARYLAND RECEIVED JUNE 27, 1932 
PUBI~ISHED JANUARY 11, 1933 

(14) Hielscher, Ber., 31, 277 (1898). 
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Structure of Reactants and the Extent of Acetal Formation 

A study of the relationship between the concentration a t  equilibrium in 
the acetal reaction and the structure of the alcohol and aldehyde has been 
continued, particularly with reference to the effect of the structure of the 
alcohol upon the extent of its reaction with tetrahydrof~rfural.~.~ The 
object of the experimentation was to measure the effect of various typical 
structures upon carbon to oxygen linkages. 

Tables I and I1 contain a summary of all the reliable data, obtained in 
this Laboratory during the past ten years, upon the effect of the structure of 
the alcohol and aldehyde upon the conversion at equilibrium in the acetal 

-Acetaldehyde- --Tetrahydrofurfural- 
Moles alc. Moles alc. 
per mole 70 per mole O/o 

Alcohol R. p., O C .  Mm. of ald. Conv. K ,  of ald. Conv. K .  

Phenylpropyl 127-130 17 11 9 9 M 1 3 3 0  5 9 5 M  9 .48  
n-Octyl 189-190 740 . .  ... . . .  5 9 5 M  9 .48  
n-Hexyl 154-157 738 .. ... . . .  5 9 5 M  9 .48  
n-Lauryl M. p. 24 . .  . , .  . . .  5 9 0 M  4 .03  
Isoamyl 4 3 4 4  11 11 9 9 M 1 3 . 3 0  . . . . . . . 
j3-Aminoethyl . .  . .  S 6.85 . ... . . . 
n-Amy1 134-135 740 11 98M 6.48 5 89 M 3.55 
@-Phenylethyl 120-121 27-30 11 98 M 6.48 5 89 M 3 .55  

1 Adkins and Wade Adams, THIS JOURNAL. 47,1368 (1925) ; Hartung and Adkins. 
ibid.. 49, 2517 (1927); Street and Adkins, ibid.. 50, 162 (1928); Adkins and Broderick. 
ibid., 50,178 (1928); Adkins, Semb and Bolander, ibid., 53, 1853 (1931). 

There has apparently been little done outside of this Laboratory upon the effect 
of the structure of the reactants upon the concentration at  equilibrium in the acetal re- 
action. Attention should, however, be called to the very extensive studies of Skrabal 
and co-workers upon the rate of hydrolysis of acetals in rather dilute water solutions 
[Z. Electrochem., 33, 322 (1928), and Z. physik. Chem., 122, 357 (1926)l. The work of 
Herold and Wolf [ibid., B5, 124 (1929), B12, 165 (1931)l upon the extent of hemiacetal 
formation as measured by absorption in the ultraviolet is also of interest. Their ob- 
servations upon the effect of structure upon the extent of the hemiacetal reaction are, 
for the fifteen cases which they studied, in general agreement with the observations made 
in this Laboratory upon the extent of the acetal reaction with the same pairs of reactants. 
However, their prediction that the alcohols of higher molecular weight would show a 
decreasing affinity for acetal formation is not borne out by observations herewith re- 
ported. Further, their view that the efficacy of calcium chloride as a catalyst for the 
acetal reaction is due to its removing water from the sphere of reaction is not in accord 
with the results previously reported [Adams and Adkins, THIS JOURNAL, 47,1358 (192511 
upon experiments intended to test out that hypothesis. They have apparently over- 
looked this paper as well as another upon hemiacetal formation [Adkins and Broderick. 
ibid.. 50, 499 (1928)l. 



TABLE I (Concluded) 
.----Acetaldehyde--- cTetrahydrofurfural- 
Moles alc. Moles alc. 
per mole % per mole '36 

Alcohol B. p., OC. Min. of ald. Conv. K e  of ald. Conv. K ,  

p-Phenylethyl 
n-Heptyl 
n-Heptyl 
n-Butyl 
n-Butyl 
Tetrahydrofurfuryl 
Isobutyl 
Isobutyl 
Methyl 
Methyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
p-Iodoethyl 
n-Propyl 
n-Propyl 
p-Chloroethyl 
p-Chloroethyl 
8-Chloroethyl 
p-Ethoxyethyl 
p-Methoxyethyl 
Benzyl 
Ally1 
8-Bromoethyl 
p-Nitroethyl 
Cyclohexylcarbinol 
Cyclohexanol 
Pentanol-2 
P-Carbethoxyethyl 
Butanol-2 
Butanol-2 
Octanol-2 
Octanol-2 
Propanol-2 
Propanol-2 
Tert.-butyl 
Tert.-butyl 
Tert.-amyl 
Tert.-amyl 
6-Cyanoethyl 

reaction. The data for the eighty-five acetals have been arranged in two 
tables, the first containing the data for the acetals of acetaldehyde and 
tetrahydrofurfural and the second for a miscellaneous group of acetals. 
The acetals are arranged in Table I in the order of decreasing value of K, 
for acetals of acetaldehyde, and in Table I1 simply in order of decreasing 
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EXTENT OF REALWON OF VARIOUS ALCOHOLS AND ~LDEHYDES 

Moles alc. 
Alcohol Aldehyde Moles ald % Couv Ke 

Isobutyl n-Butyr- 11 (96 A) 
Isobutyl n-Butyr- 11 98M 6.48 
Methyl n-Butyr- 11 (96 A) 
Methyl n-Butyr- 11 97M 4.22 
n-Propyl n-Butyr- 11 94 A 1.95 
Ethyl Aminoacet- 11 93 H 1.63 
Ethyl Hept- 10 92 H 1.37 
Ethyl Cyanacet- 13 93 H 1.30 
Ethyl Bromoacet- 11 91 H 1.21 
n-Butyl n-Butyr- 11 91 M 1.21 
Ethyl n-Butyr- 11 (92 A) 
Ethyl n-Butyr- 11 91 H 1.21 
Ethyl n-Butyr- 11 91 M 1.21 
Ethyl Propion- 11 (89 A) 
Ethyl Propion- 11 91 H 1.21 
Ethyl Isobutyr- 11 (84 A) 
Ethyl Isobutyr- 11 8 6 M  0.68 
Heptyl Furfur- 5 68 M .58 
Ethyl 8-Chloroprop- 11 84 H .56 
Ethyl Glycolic 11 75 H .28 
Butanol-2 n-Butyr- 11 74 M .26 
Octanol-2 n-Butyr- 5 53 M .20 
Ethyl Acrylic 11 68 H .I76 
Octanol-2 Benz- 5 49 M .I60 
Methyl Furfur- 11 61 A .I14 
Methyl Furfur- 5 42 B1 .lo0 
Cyclohexylcarbinol Isobutyr- 5 42M . I00 
n-Butyl Benz- 11 56 Sb .083 
Ethyl Benz- 11 56 Sb ,083 
Propanol-2 n-Butyr- 11 (59 A), 
Propanol-2 n-Butyr- 11 53 M .069 
Propanol-2 Propion- 11 50 A .057 
Ethyl Furfur- 11 44 B1 .039 
Ethyl Furfur- I1 45 M .041 
Ethyl m-Nitrobenz- 11 42 A .034 
Tert.-butyl n-Butyr- 11 38 M .026 
Propanol-2 Isobutyr- 11 (37 A) 
Propanol-2 Isobutyr- 11 33 M .018 
Ethyl Cinnam- 11 (36 A) 
Ethyl Cinnam- 11 29 H .013 
Ethyl Croton- 11 27 H .011 
Propanol-2 Furfur- 11 25 A .009 
Propanol-2 Benz- 11 19 Sb .005 
Propanol-2 Cinnam- 11 19 A .005 
Tert.-butyl Isobutyr- 11 18 M .004 
Octanol-2 Furfural 5 11 M .003 
Tert.-butyl Furfural 6 OM .OOO . 



value of K,. The observer of each reaction mixture has been indicated by 
a letter placed after the percentage conversion for the acetal (A for Adams 
B for Broderick, B1 for Bolander, H for Hartung, M for MinnC, S for 
Street and Sb for Semb).3 

One of the primary objects of this investigation was to ascertain whether, 
if an alcohol, for example, gave the same percentage conversion a t  equi- 
librium with two aldehydes, a second alcohol would give the same con- 
version with one aldehyde as with the other. In seeking an answer to this 
question nineteen alcohols have been tested with acetaldehyde and tetra- 
hydrofurfural. Among these there is fair agreement in fifteen cases be- 
tween the values of K, for the reaction of the alcohol with the two alde- 
hydes. With eight of these fifteen alcohols there is almost perfect agree- 
ment, that is to say, the percentage conversion at  a given ratio of reactants 
is not more than 1% different for one aldehyde than for the other. How- 
ever, the four secondary and tertiary alcohols listed below show a very 
different conversion with acetaldehyde as compared with tetrahydro- 
furfural: cyclohexanol, 56 and 88%; butanol-2, 46 and 65%; octanol-2, 
46 and 90%; tert.-butyl, 23 and 38%. These results indicate very defi- 
nitely that the relative affinity manifested by two compounds for the 
formation of a given type of linkage is not independent of the second com- 
ponent of the reaction. 

The effect of lengthening the chain of the alcohol is not so clear in the case 
of the data for acetaldehyde as it is for tetrahydrofurfural, since most of 
the determinations for the former aldehyde were made for such a high ratio 
of alcohol to aldehyde that the conversions for this type of alcohol are so 
high that small differences between alcohols are not apparent. The values 
of K, for tetrahydrofurfural and the primary alcohols with normal chains 
and the carbon content indicated in parentheses are: (1) 2.34, (2) 1.26, 
(3) 1.44, (4) 1.44, (5) 3.55, (7) 9.48, (8) 9.48, (12) 4.03. The values 
for the same aldehyde with three secondary alcohols are propanol-2, 0.166; 
butanol-2, 0.47; and octanol-2, 4.03. Somewhat similar values hold for 
the reaction of four secondary alcohols with acetaldehyde. These values 

a All of the values for.K, reported by Adams, Broderick, Hartung and Street have 
been recalculated and a majority of them have been checked by experiment if two ob- 
servers had not previously done so. The values of Ke were recalculated upon the basis 
of concentrations expressed in mole fractions. The values of K, reported in the earlier 
papers were calculated upon concentrations of moles per liter and comparisons between 
aldehydes made upon the calculated values of the decrease in free energy. These origi- 
nal calculations were ill advised for two reasons. First, compounds which show the 
same percentage conversion but have a different molecular volume will have therefore 
different values of Kg, and so appear to have different affinity values when as a matter of 
fact they are identical in their chemical behavior in the acetal reaction. Second, the 
use of values for the decrease of free energy so calculated adds nothing significant 
to the comparison of aldehydes and alcohols in the acetal reaction and is open to mis- 
interpretation. 
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indicate that affinity in acetal formation first decreases slightly with 
increase in length of the carbon chain and then materially increases. 

Simple branching of the chain has relatively little effect upon the extent 
of the acetal reaction. Isobutyl alcohol with acetaldehyde and n-butyr- 
aldehyde shows values which are not essentially different from those for 
butanol-1. Isobutyraldehyde has a lower value than n-butyraldehyde but 
very little lower than propionaldehyde, which has the same length of chain. 
However, branching of the carbon chain as exempliiied in the cyclohexyl 
group is rather effective in lowering aEnity for acetal formation. Five 
moles of cyclohexylcarbinol reacted with one mole of acetaldehyde to  the 
extent of only 56% while hexylcarbinol, having the same carbon content, 
reacted to the extent of 92%. A similar negative though less marked 
effect of the cyclohexyl group was observed in the reaction of cyclohexyl- 
carbinol with isobutyraldehyde. It was surprising that cyclohexylcarbinol 
reacted to a less extent with acetaldehyde than did phenylcarbinol despite 
the unsaturation and general negative character of the benzenoid nucleus. 

The effect of an alkene linkage in a molecule either of an alcohol or an 
aldehyde, but especially the latter, was very marked in lowering affinity 
for the acetal reaction. Tetrahydrofurfural with ethanol had a value of K, 
of 1.26, while furfural had less than one-half the percentage conversion with 
a value for Ke of 0.041. Propionaldehyde and butyraldehyde had 1.21 
while the corresponding unsaturated aldehydes had 0.176 (acrolein) and 
0.011 (crotonaldehyde). Benzaldehyde was almost identical with acrolein, 
and cinnamic aldehyde with crotonaldehyde. Unsaturation in the alcohol 
was apparently much less effective, as ally1 alcohol was 0.54 with acet- 
aldehyde, and 0.77 with tetrahydrofurfural, values which are not so much 
lower than for propanol-1, i. e., 1.06 and 1.44.* 

The primary alcohols, if there were no complicating substituent, reacted 
with acetaldehyde to the extent of about 90% at a ratio of one mole of 
aldehyde to 5 moles of alcohol, while secondary alcohols gave conversions 
less than one-half as great. Simple tert. alcohols reacted with acetaldehyde 
to about one quarter the extent of the primary alcohols, the value of Ke 
for n-butyl, sec.-butyl and tert.-butyl being 3.08, 0.136 and 0.019, re- 
spectively. However, with alcohols and aldehydes of more complicated 
structure these relationships are far from being so simple. For example, 
cyclohexylcarbinol, a primary alcohol, behaved like a sec. alcohol in its 
reaction with acetaldehyde and isobutyraldehyde, having values of K,  of 
0.26 and 0.100. Similarly octanol-2 behaved like a simple secondary 
alcohol with acetaldehyde (K, 0.130) but with tetrahydrofurfural i t  had a 
value of 4.03, which is materially higher than that shown by the simple 

It must be kept in mind that while unsaturation decreased the extent of the acetal 
reaction it greatly enhanced the rate of the reaction. Furfural, for example, reacted 
several hundred times as rapidly as tetrahydrofurfural under the same conditions but i t  
proceeded less than one-half as far. 



primary alcohols. Octanol-2 also gave a higher conversion with benz- 
aldehyde than did any of the primary alcohols. In  contrast with the 
abnormally high value of octanol-2 for benzaldehyde and tetrahydro- 
furfural was its abnormally low value (0.003) for furfural, with which it 
reacted to less than half the extent of propanol-2. 

The effect of the phenyl group upon the acetal reaction might be as- 
cribed to a combination of unsaturation and branching of the carbon 
chain but it seems simpler to regard i t  as a substituent. If the phenyl 
group in benzyl alcohol is regarded as substituted in methanol, then i t  had a 
small influence in decreasing the reaction with acetaldehyde or tetrahydro- 
furfural to the extent of about 7%. However, when substituted in ethyl or 
propyl alcohol the phenyl group increased the extent of the acetal reaction 
just as did the corresponding large alkyl groups. When directly attached 
to  the aldehyde group as in benzaldehyde, the affinity of the aldehyde for 
acetal formation was low, being only 56Yo with 11 moles of ethanol to 1 
mole of benzaldehyde, and not much greater than that given by furfural. 
When the phenyl group was further from the aldehyde group, as in cinnamic 
aldehyde, it was almost without effect since crotonic and cinnarnic alde- 
hydes gave approximately the same conversions with ethanol. 

Certain substituents in ethanol show the following values of Re in the 
reaction with acetaldehyde: iodo the same as the unsubstituted ethanol, 
1.21, chloro 1.06, methoxy and ethoxy 0.94, bromo 0.76, nitro 0.52, and 
carbethoxy 0.155. When some of these groups were substituted in acet- 
aldehyde they showed the following values for K, in the reaction with 
ethanol: amino 1.63, cyano 1.30, bromo 1.21 and chloromethyl 0.56. 
The most striking effect was the negativity of the cyano group in p-cyano- 
ethyl alcohol (ethylene cyanohydrin), which reacted with tetrahydro- 
furfural to the extent of only 32% (K,  = 0.045). 

The extents of the reactions of the three methylcyclohexanols with 
tetrahydrofurfural were also determined. Samples of the three structural 
isomers (each a mixture of geometrical isomers) were obtained from the 
Eastman Kodak Company and upon fractionation showed the following 
boiling points: 2-methylcyclohexanol 162-163.5', 3-methylcyclohexanol 
168.5-170°, 4-methylcyclohexanol 169.5-171.5O. These compounds just 
after distillation gave the following conversions to acetal when allowed to 
react (5 moles) with tetrahydrofurfural (1 mole): 2-methylcyclohexanol 
85Y0, 3-methylcyclohexanol 50% and 4-methylcyclohexanol 60%. Sam- 
ples of the 2-methyl and the 4-methyl compound prepared in this Labora- 
tory by hydrogenation of the corresponding phenols over nickel a t  175', 
120-200 atmospheres, and having the same boiling points as the Eastman 
products, gave conversions in the acetal reaction of 87 and 82%, respec- 
tively. The first of these values is in good agreement with that obtained 
with the Eastman product while the value for the 4-methyl compound is 
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22% higher than previously observed. Moreover, the sample of the 3- 
methyl compound gave, when allowed to stand for several months after 
distillation and before use, a conversion of 68%, or 18% higher than when 
freshly distilled. All of these variations are understandable since i t  is well 
known that different methods of hydrogenation produce different pro- 
portions of isomers, and that one geometrical isomer is labile, so that  
changes in their proportion may occur on standing. The conclusion seems 
inescapable that different geometrical isomers show different affinity values 
for acetal formation although this must be confirmed by ascertaining the 
affinity for acetal formation of the pure cis and trans isomers of the three 
structurally different methylcyclohexanols.5 

Experimental Part 
Tetrahydrofurfural has apparently not hitherto been prepared in any considerable 

quantities. Scheibler, Sotscheck and Friese6 prepared as much as 6 g. of "crude prod- 
uct" in a single experiment and unreported amounts of a relatively pure compound. 
The quantities needed for the investigation described herewith were relatively large so 
that it was necessary to make a thorough study of its preparation. Bolanderl worked 
out the first step, i. e., the preparation of furfural acetal. The procedure for the hydro- 
genation of furfural acetal in good yield to tetrahydrofurfural acetal over a nickel cata- 
lyst was developed by Covert and C ~ n n o r . ~  The third step in the preparation of the 
desired aldehyde, that is, the hydrolysis of tetrahydrofurfural acetal, proved to be a 
difficult one because of the readiness with which the aldehyde is resinified and also be- 
cause of the difficulty of separating it from the alcohol and water in the mixture after 
hydrolysis. I t  appears unnecessary to give a detailed account of the various modifica- 
tions of the procedure which were made in developing a satisfactory process, so it must 
suffice to describe briefly the preferred procedures. 

One mole (174 g.) of diethyl tetrahydrofurfural acetal with 15 moles of water (270 
g.) and 0.015 g. of hydrogen chloride were placed in a 2-liter 3-necked flask provided with 
a reflux condenser, a inechanical stirrer with a mercury seal, and a thermometer. The 
reaction mixture was heated on a steam-bath at  80 with stirring for five to ten hours, the 
mixture being homogeneous after about one hour. When hydrolysis was complete, as 
determined by a titration of an aliquot by the sodium suKte method, the hot solution 
was left just acid to litmus by almost neutralizing with solid sodium carbonate (about 
0.5 g.). It was found advisable to calculate the amount of sodium carbonate necessary 
by titrating an aliquot with 0.02 N sodium carbonate solution using methyl orange as an  
indicator. The reaction mixture was then rapidly cooled and 150 g. of anhydrous so- 
dium sulfate added. After several hours the liquid was filtered off the sodium sulfate 
and another portion of the drying agent added. The process was repeated until 500 g. 
of sodium sulfate had been used, the drying process requiring twenty-four hours. The 
dried product was then fractionated a t  6-10 mm. from a 250-1111. flask through a Widmer 
column having a spiral 24 cm. in length. The fraction 25-35" was about 60% aldehyde, 
while that from 35-45" was fairly pure. The lower fraction was dried with sodium 
sulfate together with the aldehyde (5-10 g.) extracted with ether from the 500 g. of 
sodium sulfate used earlier in the process. All the aldehyde was then carefully refrac- 

The separation of the isomers has just been reported. Skita and Faust, Ber., 
64B, 2878 (1931); Hiickel and Hagenguth, ibid., 2892. 

Scheibler, Sotscheck and Friese, ibid., 57,1443 (1924); ibid., 58, 1961 (1925). 
Covert, Connor and Adkins, THIS JOURNAL, 54,1655 (1932). 
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tionated, from 35 to 50 g. being obtained, b. p. 3537"  (8 mm.). The excess water may 
also be largely removed by fractionation a t  25-32O (13-15 mm.) through a Widmer 
column hai.ing a spiral 35 cm. in length and the residue dried as described above. About 
1520% of the aldehyde was lost in the water distillate but the yield of aldehyde obtained 
was about the same as by the less tedious process described above. 

The yield of diethyl furfural acetal from furfural was from 15 to 20%, the yield of 
the tetrahydrofurfural acetal was 75 to SO%, while the conversion of the latter to tetra- 
hydrofurfural in eight preparations was 35 to 50%. This is an over-all yield of 4 to 8% 
of tetrahydrofurfural based upon the furfural. 

Tetrahydrofurfural is a colorless, somewhat viscous liquid of acrid though not sharp 
odor. It has the following constants: b. p 144-145" corr. (740 mm.); d:5 1.10947, 
n, 1.4700 to 1.4708; M, 24.54, calcd., 24.72. Samples of the aldehyde during the course 
of several weeks became yellow, solid particles appeared and formic acid was apparently 
produced. The aldehyde showed no signs of change a t  20-25 O in a desiccator during the 
course of a week. Scheibler, Sotscheck and Friese in their first publication on tetrahydro- 
furfural gave the following constants: b. p. 45-47" (29 mm.), b. p. 142-143' (779 mm.). 
d i O  1.0501, n, 1.47036, MD 26.60. In  their second paper they report d:' 1.0727, nD 
1.43658, MD 24.43. The writers found that products of n, 1.4330 to 1.4350 showed a 
lower tetrahydrofurfural content by titration than did the product n~ 1.4700-1.4708. 

Di-(8-Ethoxyethyl) Acetal of Tetrahydrofurfural.-The di-(8-ethoxyethyl) acetal 
of furfural was prepared from furfural and 8-ethoxyethanol (cellosolve) by the method 
described for the diethyl acetal. Three moles of furfural, 18 moles of cellosolve and 
0.0036 g. of hydrogen chloride were allowed to react for four days until the conversion to 
the acetal was 40% of the theoretical. The water, cellosolve and furfural were then 
largely removed by distillation up to 76" a t  18 mm. through a Widmer column. The 
residue was then fractionated a t  2 to 4 mm. through a heated Widmer column. A yield 
of 212 g. of acetal(27.4%), b. p. 131-132' (2 mm.), 259" (740 mm.) was obtained. 

The acetal (104 g.) was hydrogenated during the course of four hours a t  150°, 
130-200 atm., over 4 g. of a nickel catalyst of the ammonium carbonate type.' The 
product was fractionated twice through an electrically heated Widmer column. Twenty- 
eight grams (69%) of di-(8-ethoxy ethyl) acetal of tetrahydrofurfural, b. p. 131-136" 
(4-5 mm.), was obtained. There was an additional yield of slightly impure material 
corresponding to 8%. The compound was analyzed not only for carbon and hydrogen 
(see Table 111) but a weighed sample was also subjected to hydrolysis and the tetra- 
hydrofurfural so produced titrated. The amount of aldehyde formed was 98.8% of the 
amount calculated from the weight of acetal taken. Cellosolve (4.5%) (0.044 mole) 
and the 0-ethoxyethyl ether of tetrahydrofurfuryl alcohol (6.7%) (0.040 mole) were also 
produced during the process of hydrogenating the acetal of furfural. The correspon- 
dence in molecular equivalents of cellosolve and ether formed indicates that these two 
compounds may be considered to be formed as in the hydrogenation and splitting of 
ethyl furfural acetal.' 

Determination of the Concentration of Aldehydes.-The sodium sulfite method of 
titration was used for the determination of all the aldehydes except benzaldehyde, for 
which the hydrogen peroxide method was used. The acid solution for the sulfite method 
was not only standardized against the appropriate aldehyde but in the presence of the 
alcohol which would be in the sample later submitted to analysis. The ratio of alcohol 
to aldehyde in the sample used for standardization should be the same as that in the 
sample to be analyzed. The importance of this is evidenced by the following. A solu- 
tion of sulfuric acid which was 0.202 N against sodium carbonate was 0.241 N against 
furfural, 0.2335 N against tetrahydrofurfural and 0.222 N against acetaldehyde, in the 
presence of ethanol. However, in the presence of an alcohol (in the ratio of alcohol to 
aldehyde which existed a t  equilibrium starting with the reactants in a 5 to 1 ratio) the 
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normality figure for tetrahydrofurfural must be multiplied by 1.008 for cellosolve, 1.22 
for heptyl, 1.72 for benzyl, 1.85 for phenylethyl and 3.64 for phenylpropyl alcohol. 
The factor for furfural in the presence of heptyl alcohol was 1.19 and 1.18 for octanol-2. 

The procedure used in carrying out the studies on concentration a t  equilibrium was 
essentially the same as that previously described except in a few particulars. In  the 
case of acetaldehyde a known weight of the aldehyde was sealed up in a glass tube and 
cooled to 0' before it was introduced into the alcohol. In the case of acetaldehyde, n- 
butyraldehyde and isobutyraldehyde, a titration was made to ascertain the exact concen 
tration of the aldehyde in the alcohol solution before the catalyst was added. The con- 
centration of the catalyst, hydrogen chloride, was 5 milligrams per mole of aldehyde ex- 
cept that in order to secure a sufficiently rapid rate of reaction 100 milligrams of hydro- 
gen chloride per mole of tetrahydrofurfural was used 

Homogeneity of the Reaction Mixtures.-All of the reaction mixtures contained a 
considerable excess of alcohol over that required for the formation of an acetal. This 
was in order to prevent the separation of water formed in the reaction. However, the 
solubility of water in some of the alcohols of higher molecular weight is sufficiently low 
that it was feared that the high conversions to acetal observed were due in part to the 
separation of water. However, observations of the reaction mixture under a microscope 
at  a magnification of 350 diameters, even after long standing, failed to show any lack of 
homogeneity. The solubility of water was found to be greater than 1 ml. in 25 ml. of 
heptanol-1, or 37.5 ml. of oct.ano1-2. The amount of water formed by the reaction of 
either of these alcohols with tetrahydrofurfural never exceeded 1 ml. of water in 45 ml. 
of alcohol, so there seems no reason to doubt that the reaction mixtures were in all cases 
homogeneous. 

Hydrolysis of Aceta1s.-There has never been any evidence for false equilibria or side 
reactions under the conditions of these studies. However, the extent of hydrolysis of the 
diethyl acetals of furfural and of tetrahydrofurfural and of the di-(8-ethoxyethyl) acetal 
of tetrahydrofurfural was determined. For example, 0.091 mole of diethyl furfural 
acetal. 0.091 mole of water, 0.27 mole of ethanol and 0.000465 g. of hydrogen chloride 
were allowed to react a t  25O. Thirty-five per cent. of the acetal was hydrolyzed after 
twenty-five minutes, 55% after fifty minutes and 66% a t  the end of one and one-half 
hours; reaction ceased with a total hydrolysis of 67% of the acetal. This value is in 
excellent agreement with that for synthesis under similar conditions, although less than 
thirty minutes was required for the completion of synthesis 

Similar experiments were conducted with the acetal of ethanol and of cellosolve with 
tetrahydrofurfural. The ratio of reactants was 0.01 mole of acetal, 0.03 mole of alcohol, 
0.01 of water and 0.001 g. of hydrogen chloride. Hydrolysis had proceeded to equi- 
librium after about one month. In  the case of cellosolve the hydrolysis was 20 to 22%. 
while for ethanol it was 20 to 21%. These experiments demonstrate again the enormous 
difference in the rate of reaction of furfural as contrasted with the saturated aldehydes, 
and also the greater speed of synthesis as compared with hydrolysis. 

Isolation of Various Aceta1s.-Small amounts of a number of acetals of tetrahydro- 
furfural were isolated, from the reaction mixtures set up for the purpose of determining 
the extent of the reaction, in essentially the same manner as the ethyl acetal. These 
products were fractionated as carefully as the small quantity of material involved 
would permit but in a few cases they were perhaps not entirely free of the alcohol in- 
volved. Qualitative tests showed them in every case to be free of tetrahydrofurfural. 
Their boiling points were in general determined by the capillary tube method described 
by Kamms except that the determination was made under reduced pressure. The sam- 

Kamm, "Qualitative Organic Analysis," John Wiley and Sons, Inc., New York, 
p. 118. 
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ple was placed in a test-tube 1 cm, in diameter, which was attached to a small reflux 
condenser the outlet from which led to a vacuum pump. The data on the analysis and 
certain of the physical constants of these and other compounds not hitherto described 
are given in Table 111. 

Time for Attainment of Equilibrium.-The alcohols and aldehydes were allowed to 
react in a thermostat a t  25'. The reaction of furfural and some of the other unsaturated 
aldehydes was complete after an hour or two, the saturated aldehydes other than tetra- 
hydrofurfural after two days, while the latter required six to eight days. Titrations 
were usually begun after two days and continued at  intervals of two days until varia- 
tions in analyses were less than 0.6%. In many cases titrations made after several 
months confirmed the fact that equilibrium was attained in almost all cases after ten 
days. It was interesting to observe that tetrahydrofurfural, which in the pure state 
began to deteriorate after a week or so, appeared to remain unchanged for many months 
in the presence of alcohol. 

Purification of Reagents.-The alcohols and aldehydes, other than those that have 
been described in the preceding paragraphs, were purified as previously described in this 
series of papers or by standard methods. 

Reliability of Data in Tables I and 11.-An experienced operator can 
readily duplicate analyses for aldehyde to within 0.5y0, and duplicate his 
observations on the percentage conversion of an aldehyde to its acetal in 
different reaction mixtures to within less than 1%. In many cases, as 
indicated in the tables, different operators have observed percentage 
conversions which agreed to within less than 1y0. However, it seems safer 
to attach no significance to variations in extents of conversion of less than 
3%. The value of Ke changes very rapidly with small changes in the 
percentage conversion, so that if the latter is very high (93-95yo), little 
significance should be attached to variations of Ke. The data on repre- 
sentative acetals presented by Semb and Bolander and in this paper show 
that the value of Ke is independent of the ratio of reactants and thus is a 

TABLE I11 
ANALYSES AND PHYSICAL CONSTANTS 

dy -MD- 
Compound B. p., OC. Mm. n ~ ,  Calcd. Found 

Acetals of acetaldehyde 

n-Heptyl(C1sHat0n) 163 12 1.4288 0.8372 79.12 79.52 
Phenylpropyl(CzoHn60e) 182-185 2 1.5229 1.0049 90.95 90.64 

Acetal of furfural 

B-Ethoxyethyl(C13H2zOs)131-132 2 1.4534 1 0374 67.48 67.27 

Acetals of tetrahydrofurfural 

n-Amyl(C~sHaoOa) 145 9.5 
n-Butyl(C~aHzsOa) 114 9.5 
8-Ethoxyethyl(CtaHnaOs) 135 4 1.4403 1.0005 68 25 68 47 
n-Hexyl(C~rHarOa) 167-173 15 1.4433 
Phenylethyl(Cz1Hzs0o) 195-198 3 1.5342 
Phenylpropyl(GHa0 226 9.6 
Tetrahydrofurfuryl 

(C1rH~e.06) 163 9.5 

Ether 
a-(8-Etboxy ethyl) Tetrahydrofurfuryl 

(CIIHI aOa) 76 9 1.4360 0.9802 46.47 46.41 
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true equilibrium *constant. The redetermination and recalculation of 
results previously reported have led to the elimination as unreliable of the 
values previously given for isoamyl, ,f?-phenylethyl and benzyl acetals of 
acetaldehyde, and for the n-butyl acetal of butyraldehyde. The percent- 
age conversions reported for the first time in this paper represent on the 
average six analyses of three different reaction mixtures a t  equilibrium. 

Summary 

The extent of reaction of tetrahydrofurfural with a variety of alcohols 
has been determined and the extent of the reaction of a number of other 
aldehydes and alcohols has been determined or redetermined and all 
previous results on the extent of this reaction have been recalculated to a 
comparable basis. All of these results on the relation of structure to 
affinity in the acetal reaction have been summarized as briefly as is feasible 
in Tables I and I1 and in the ensuing discussion. 

The relative reactivity of the secondary and tertiary alcohols with 
acetaldehyde and tetrahydrofurfural, and the behavior of cyclohexyl- 
carbinol and the three rnethylcyclohexanols with acetaldehyde all point to 
an important conclusion, i. e., the spacial characteristics of a dolecule m a y  
be a n  imporktnt factor in determining the binding power at n linkage, just as  i t  
has long been known that space relationshifls may modify the rate at which a 
reaction proceeds. In other words, steric as well as structural factors determine 
the strength of bonds. 

A process has been developed for preparing tetrahydrofurfural of ex- 
cellent quality in fair yields. A number of acetals not hitherto described 
are reported. 

MADISON, WISCONSIN RECEIVED JUNE 30, 1932 
PUBLISHED JANU-ARY 11. 1933 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF HARVARD UNIVERSITY J 

The Autoxidation of Certain Ethylene Oxides 
BY E. P. KOHLER AND E. M. NYGAARD 

In a recent paper we reported that when a,a-diphenyl-8-(hydroxybenzyl) 
ethylene oxide is exposed to the air i t  is oxidized to a peroxide.' 

This peculiar case of autoxidation first aroused our interest because it 
was erratic, some specimens apparently being perfectly stable in the air 
while others, which had been prepared in the same manner, were oxidized 
with sufficient rapidity to cause a perceptible rise in temperature. Another 
incentive to further investigation appeared when the structure of the 
oxidation product was definitely established, showing that the substance is 
a peroxide of the type that is usually obtained from free radicals. 

We have found that the erratic character of the oxidation is not due to 
differences in the purity of the oxide but to variations in the quality of the 
air. No oiidation occurs either in air containing a trace of ammonia or in 
air that has been washed with bases, but when a little hydrogen chloride is 
added to the washed air, oxidation starts after a time and the principal 
product is the peroxide. The odor of benzaldehyde is perceptible whenever 
oxidation occurs, and benzoic acid, benzophenone and formic acid are 
always formed along with the peroxide. 

We have found also that, in all probability, the function of the acid is to 
cleave the oxide-a rather surprising role in a reaction between a gas and a 
solid. In  solutions containing a trace of base the oxide can be preserved 
indefinitely but in solutions containing even traces of acid it is rapidly 
destroyed in accordance with the equation 

This transformation is complete and the process cannot be reversed 
either in the presence or the absence of a solvent. In solutions containing 
equivalent quantities of benzaldehyde and diphenylethylene oxide and a 
trace of base, both the aldehyde and the oxide slowly disappeared but no 
oxido alcohol was formed. When a solution of diphenylethylene oxide in 
an equivalent quantity of benzaldehyde was left to itself in an atmosphere 
of nitrogen, no change whatsoever occurred in the course of a month. 
When the solution was heated on a steam-bath the oxide slowly changed to 
diphenyl acetaldehyde but there was no condensation of the oxide and the 
aldehyde; and the addition of a few bubbles of hydrogen chloride merely 
accelerated the rearrangement of the oxide. But when a similar solution of 

Kohler, Richtmyer and Hester, THIS JOURNAL, 53,205 (1931). 
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the oxide in the aldehyde was exposed to the air it soon began to deposit a 
solid and it ultimately solidified completely. Under favorable conditions 
the solid contained nearly 50% of the possible amount of the peroxide, 
mixed with smaller quantities of the mono benzoate of diphenyl glycol, 
benzoic acid, benzophenone and formic acid. Here the peroxide is mani- 
festly formed from the primary cleavage products of the oxide in accord- 
ance with the equation 

In this manner it was established that the oxide is not attacked by 
oxygen in the absence of acid, that acids cleave the oxide to benzaldehyde 
and diphenylethylene oxide, that the oxido alcohol cannot be regenerated 
from these cleavage products, and that in the air these primary cleavage 
products are oxidized to the peroxide The conclusion seems inevitable 
that the peroxide is formed in a series of reactions involving, first, cleavage 
of the oxide by acid, then autoxidation of the primary cleavage products, 
and finally synthesis of the peroxide from the products of oxidation. 

The nature of the oxidation products from which the peroxide is formed 
is still somewhat mysterious. Diphenylethylene oxide is not attacked by 
free oxygen either in the presence or in the absence of acids. Benzaldehyde 
readily undergoes autoxidation being converted, first, into benzoperacid 
and finally into benzoic acid under all conditions hitherto investigated. 
Both of these oxidation products react with diphenylethylene oxide a t  the 
ordinary temperature but the reactions do not lead to the peroxide. 

The reaction between benzoperacid and diphenylethylene oxide has been 
investigated with care by Meerwein and B~dendorf.~ I t  is represented by 
the equation 

As will be seen, this reaction accounts for approximately half of the material 
and nearly all of the products that are formed in the autoxidation of the 
mixture of benzaldehyde and diphenylethylene oxide, but it does not 
account for the peroxide. 

The experimental conditions under which the reaction was studied were 
quite different from those under which the peroxide is formed but differ- 
ences in the experimental conditions could hardly account for oxidation to 
open chained compounds in the one case and the formation of the peroxide, 
in which the oxide ring is intact, in the other. Evidently benzoperacid- 
like benzoic acid-readily opens the oxide ring; after that has happened, 
the formation of the peroxide is impossible. For these reasons it seemed to 
us highly improbable that benzoperacid was an intermediate in the forma- 

Bodendorf, Dissertation, Konigsberg, 1928. 



tion of the peroxide, but we nevertheless decided to repeat the work of 
Bodendorf under conditions as nearly as possible like those which prevailed 
in the autoxidation of the cleavage products. To this end we prepared 
nearly pure benzoperacid by the method of Smit3 and added i t  very slowly, 
in an atmosphere of nitrogen, to a solution of the oxide in benzaldehyde. 
The products were the same as those obtained by Bodendorf; no peroxide 
could be detected at  any stage of the operation. 

From the foregoing facts it is certain that benzoperacid is not an inter- 
mediary in the formation of the peroxide. In form and in behavior this 
peroxide most nearly resembles the monohydroxy dialkyl peroxides which 
are obtained by the addition of alkyl hydroperoxides to  aldehyde^.^ In 
the case under consideration this mode of formation would be represented 
by the equation 

Here the intermediary is a derivative of hydrogen peroxide which could not 
be formed under the conditions of the experiment. 

There remains only the possibility that benzoperacid does not represent 
the primary oxidation product of benzaldehyde. This possibility has often 
been discussed in connection with observations that newly oxidized benz- 
aldehyde is a more powerful oxidizing agent than benzoperacid6 but no 
positive evidence of such a product has hitherto been obtained. I t  seems 
not improbable, however, that oxidation of a concentrated solution of the 
oxide in benzaldehyde, or of the intimate mixture of the aldehyde and the 
oxide that would be formed by cleavage on the surface of the solid oxido 
alcohol, would present an unusually favorable condition for catching some 
of the moloxide before its rearrangement to the peracid. Such an ener- 
getic, neutral antecedent of the peracid would account both for the peroxide 
and for the other oxidation products that are always formed at  the same 
time 

Experimental 
All the oxide used in the investigation was isolated and purified in the same manner. 

I t  was prepared in quantity as directed in the earlier paper and left in the alkaline solu- 

Smit, Rec. trav. chim., 49, 676 (1930). 
Rieche, Ber., 63,2642 (1930). 

6 (a) Engler and Weissberg, "Kritische Studien iiber die Vorgangen der Autoxida- 
tion," 1904, p. 91; (b) Baeyer and Villiger, Ber., 33, 1569 (1900); (c) Staudinger, ibid., 
46, 3530 (1913); (d) Jorissen and Van der Beek, Rec. trav. chim., 46, 42 (1927); (e)  
Milas, J. Phys. Chem., 33,1204 (1929). 
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tion until i t  was needed. A suitable quantity was then precipitated with ice water. 
rapidly washed and dried, and recrystallized from ether and petroleum ether. 

Oxidation.--For the purpose of determining all the products of oxidation, three 
lots of 5 g .  each were exposed t o  the air in  thin layers a t  the bottom of large Erlenmeyer 
flasks until the odor of benzaldehyde had disappeared completely. The average gain 
in weight was 6.2%. The resulting solids were cooled in a freezing mixture and washed, 
repeatedly, with small quantities of equally cold ether, which removed about 20% of the 
material. From the ethereai solution sodium bicarbonate extracted formic acid- 
recognized by its reducing action on mercuric oxide--and benzoic acid which was identi- 
fied in the usual manner. The ethereal layer, on distillation, left a n  oil which solidified 
almost completely when it was inoculated with benzophenone, and which formed a 
phenylhydrazone melting a t  137 ". The ethereal extract therefore contained formic acid, 
benzoic acid and benzophenone. 

The solid was recrystallized from acetone and ether; i t  contained two substances: 
the peroxide which had been obtained before in the same manner and a small quantity of 
another compound which crystallized in needles and melted a t  156 ". 

Anal. Calcd. for C%lHlsOa: C, 79.2; H, 5.7. Found: C, 79.0; H. 5.8. 

This substance is the monobenzoate of diphenyl glycol which was first obtained by 
Bodendorf by oxidizing diphenylethylene oxide with benzoperacid. Bodendorf as- 
sumed, perhaps correctly, that  the peracid first combines with the oxide t o  form the 
corresponding perbenzoate, and that  this substance is subsequently reduced t o  the 
benzoate. But  the course of the reaction may be quite different because the  benzoate is 
also formed very readily by simply dissolving benzoic acid in the melted oxide. The  
ratio between the amounts of peroxide and other oxidation products was not constant, 
the yields of peroxide varying between 70 and 80%. 

Conditions Essential for the Formation of the Peroxide.-In a search for conditions 
more favorable for investigating the mechanism of the oxidation we passed air for 
twenty-four hours through neutral solutions of the oxide in alcohol, ether, acetone and 
benzene, but in no case obtained any oxidation. In faintly acid solutions there was a 
very slow oxidation but no peroxide was formed; after seventy-two hours, benzoic and 
diphenylacetic acids were the only oxidation products which could be detected. 

I n  order to  ascertain the importance of acid, three portions ol the same preparation 
of the oxide were placed in large vacuum desiccators which were first exhausted, then 
filled-the one with air that had been passed through very dilute ammonia, the second 
with air which had been passed through sodium hydroxide-and the third with air t h a t  
had been passed first through sodium hydroxide and then through moderately dilute 
hydrochloric acid. After five days only the third sample had been oxidized, the crystals 
of the first and second still retaining both their shape and their luster. 

Autoxidation of the Cleavage Products.-A large number of solutions of diphenyl- 
ethylene oxide in benzaldehyde were oxidized both in air and in oxygen. Peroxide was 
formed in every experiment but in many cases the amount was small and we failed t o  
find any conditions under which the yield was equal to that which had been obtained 
from the oxido alcohol. Thus, in a typical experiment a solution of 2.5 g. of diphenyl- 
ethylene oxide in 1.4 g. of benzaldehyde was exposed to the air in a large Erlenmeyer 
flask. After five hours solid began t o  appear and after two days the odor of benzalde- 
hyde had disappeared completely. The resulting solid, manipulated like the product 
from the oxido alcohol yielded 1.8 g. of peroxide, 0.76 g. of the monobenzoate of diphenyl 
glycol and smaller quantities of benzoic acid and benzophenone. 

Oxidation of the Cleavage Products with Benzoperacid.-A solution of the sodium 
salt of benzoperacid, prepared by the method of Smit, was acidified in  a dropping funnel 
which was surrounded with ice water. At intervals small quantities of the resulting 



liquid acid were drawn into a solution of 2.5 g. of diphenylethylenc oxide in 1.4 g. of 
benzaldehyde which was likewise cooled with ice water and which was kept in an at- 
mosphere of nitrogen. After twenty-four hours the mixture was a solid free from ben- 
zaldehyde. By the usual manipulation, this solid yielded the monobenzoate of diphenyl 
glycol, benzoic acid and benzophenone, but no peroxide could be detected. 

Autoxidation of o-Chlorobenzaldehyde and Diphenylethylene Oxide, ClC6H&!H- 
I 

/O\ 
OH 

O-O-CH-C(C6Hs)a.-In search of a system more favorable for an investigation of the 
mechanism of autoxidation, we examined the behavior of solutions of diphenylethylene 
oxide in a few other aldehydes. A solution of 2 g. of the oxide in 1.5 g. of o-chlorobenzal- 
dehyde remained liquid after exposure to the air for several days, but solidiied in the 
course of a week. After extraction with ether, there remained 0.9 g. of a solid which 
clecomposed briskly a t  the melting point. This solid was recrystallized from acetone 
and ether from which it separated in very thin needles melting a t  140-141 * with evolu- 
tion of gas. 

Anal. Calcd. for CnlHl~04C1: C, 68.4; H, 4.7. Found: C, 68.1; H, 4.8. 
OH OCOCH3 

I I 
Autoxidation of Acetaldehyde and Diphenylethylene Oxide, CHgC(C6H5)2.-- 

Various solutions of diphenylethylene oxide in acetaldehyde were exposed to the air 
until they had solidified completely. No peroxide could be detected in any of them; 
the principal product in every case was the monoacetate of diphenyl glycol, which sepa- 
rates from ether and petroleum ether in large prismatic crystals, and melts a t  91 O. 

Anal. Calcd. for CisHtaOt: C, 75.0; H, 6.2. Found: C, 74.8; H, 6.6. 

Summary 
OH 

I /O\ 
The autoxidation of the oxido alcohol CcH,CHCH--C(C6H,), to the per- 

oxide GH~CH-O--O--CH--C(CBH~)~, in all probability involves first cleavage 
I 

OH \o/ 
to  benzaldehyde and diphenylethylene oxide, then autoxidation of the 
benzaldehyde, and finally synthesis of the peroxide from the autoxidation 
product of the aldehyde and diphenylethylene oxide. The intermediate in 
this synthesis is not benzoperacid; it appears to be an unstable "moloxide" 
antecedent to the peracid. 

CONVERSE MEMORIAL LABORATORY RECEIVED JUNE 30, 1932 
CAMBRIDGE, MASSACHUSETTS PUBLISHED JANUARY 11, 1933 
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Diarsyls. IV. The Interaction of Diphenyldiiododiarsyl 
with Alkali, with Phenylarsine and with Diphenylarsinel 

I t  seemed that diphenyldihydroxydiarsyl, a substance which has never 
been described, should be produced from the interaction of diphenyldi- 
iododiarsy1"nd alkali 

CaH,(I)Aq --As(I)CaHi, f 2NaOH = C,H~(OI-I)AS-AS(OH)C~H~ + 2NaI 

l)iphe~lyldiiododiarsyl, suspended in ether, was shaken with excess sodiunr 
hvdroxide solutioxl in a free radical apparatus filled with nitrogen. 'rhe 
halogen was removed rapidly and quantitatively froni the diarsyl and a 
crystalline, alkali-insoluble material remained partly dissolved and partly 
suspended in the ether layer. Upon separation and acidification of the 
alkaline solution a considerable amount of phenylarsine oxide was obtained. 
The alltali-insoluble product, after i t  had been recrystallized twice from 
benzene, possessed properties which in some respects resembled those of 
arsenobenzene; in certain other characteristics, however, the material was 
decidedly dissimilar to this substance as is shown by the following tabu- 
lation. 

Separates from a benzene solution in the Separates from a benzene solution in the 
form of large, granular crystals form of fine needles 

M. p. 195-197O." Mixed with arsenoben- M. p. 210-212" 
zene, m. p. 190-195" 

Mol. wt., 603" Mol. wt. ~ 6 7 ; ~  calcd. 304 
yo As, 47.12" % As, 49.31 
Absorbs oxygen rapidlyf Does not absorb oxygen 
Dissolves rapidly in ether upon the addi- Does not dissolve in ether upon the addi- 

tion of HC1 or HBr; arsenobenzene pre- tion of a halogen acid 
cipitates quickly from the solution 

One hundred cubic centimeters of boiling One hundred cubic centimeters of boiling 
benzene dissolve 7.9 g. of the material benzene dissolve 1.4 g. of this compound 

Yields diphenyldiiododiarsyl when treated Yields diphenyldiiododiarsyl when treated 
with iodine in ether with iodine in ether 

a-b The melting point was determined in a sealed tube filled with nitrogen. This 
result represents the average of six determinations on three different samples of material. 
The determinations were made in boiling benzene in a stream of nitrogen. This value 
was obtained in boiling benzene in a stream of nitrogen; previously the molecular weight 
had been found to be 895 and 915, under the same experimental conditions [Blicke and 
Smith, THIS JOURNAL, 52, 2950 (1930)l. This figure represents the average value of 
six analyses made with three different samples of material. 1.042 g. of the product 
absorbed 73 cc. (N. T. P.) of oxygen in five minutes. 

(1) This paper represents the 5ecoud part of a dissertation subrnittecl to the Graduate School by 
1. D Powers in partial fulfil~ner~t of the requirrr~~ents for the degree of Doctor of Philosophy in the 
Univerdy of Michigan. 

( 2 )  Alicke and Smith, THIS JOURNAL, 62, 2937 (1930). 



Diphenyldibromodiarsyl, when hydrolyzed, yielded products identical 
with those obtained from diphenyldiiododiarsyl. Di-p-anisyldiiododiarsyl 
yielded panisylarsine oxide and an alkali-insoluble compound which, to 
some extent, resembled di-p-methoxyarsenobenzene, yet seemed to be 
different from this material. 

It has been claimed by Steinkopf and Smieqhat diphenyldiiododiarsyl, 
suspended in alcohol, reacts with diphenylarsine a t  70" to form hexa- 
phenyltetraarsine (C~H~)~AS-AS(C~H~)-AS(C~H~)-AS(C~H~)~. The only 
experimental fact offered in support of this structure was an arsenic analysis, 
which differed from the calculated amount of arsenic by 2.98%, and the 
behavior of the material with iodine; in the latter reaction phenyldiiodo- 
arsine and diphenyliodiarsine were formed in approximately equivalent 
amounts. No melting point was recorded and the above mentioned 
investigators admitted that their product was impure. 

We have found that the compounds under discussion react a t  ordinary 
temperature in an entirely different manner, namely, with the formation 
of tetraphenyldiarsyl and arsenobenzene. Such a mixture would, of 
course, contain the same amount of arsenic as hexaphenyltetraarsine and, 
upon treatment with iodine, would yield phenyldiiodoarsine and diphenyl- 
iodoarsine in equivalent amounts. It seems very probable that the tetra- 
arsine of Steinkopf and Smie was, in reality, a mixture of tetraphenyl- 
diarsyl and arsenobenzene. 
C~H~(I)AS-As(I)C~H~ + Z(C6Hs)ZAsH = (C6Hs)zAs-As(C6Hs)z + C~H~AS=ASCGH~ + 2HI 

Diphenyldiiododiarsyl and phenylarsine react to form arsenobenzene. 
2C5H5(I)As-As(I)C6H5 + 2CeHsAsH2 = ~ C ~ , H ~ A S = A S C ~ H ~  + 4HI 

Steinkopf and Smie3 stated that these compounds yield cyclic triphenyl- 
triarsine, C6H6As-As(C6H5)-~~~6~5,  but since no melting point was reported 

for the triarsine and the calculated analytical data for this compound are the 
same as for arsenobenzene, the alleged formation of the triarsine in 
this reaction seems to have been based on an insufficient amount of experi- 
mental evidence. 

Experimental Part 

Hydrolysis of Diphenyldi-iododiarsy1.-The diiododiarsyl was prepared from 24.4 g. 
of phenyldii~doarsine,~ 50 cc. of absolute alcohol and 40 g. of crystalline phosphorous 
acid, dissolved in 200 cc. of alcohol. The diarsyl was then suspended in 100 cc. of 
ether, shaken for one hour with 100 cc. of 10yo sodium hydroxide solution, the alkaline 
layer decanted and the ether layer extracted three times with 50-cc. portions of alkali. 
Upon neutralization of the alkaline extracts with sulfuric acid in a nitrogen atmosphere, 

(3) Steinkopf and Smie, Ber., 69, 1462 (1926). 
(4) This material, after i t  has been preserved for some time in a glass-stoppered bottle, becomes 

very dark in color and often contains a considerable amount of a crystalline product. The iodide, 
however, seems to  undergo little, if any, decomnosition if it is kept under a layer of coned. hydriodic 
acid. 
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3.8 g. of phenylarsine oxide was obtained, mixed m. p. 145-147°,6 after recrystallization 
from benzene-ether. 

The ether layer, which contained suspended material, was concentrated to a volume 
of 15 cc. and the liquid decanted. The latter possessed a very strong odor similar to 
that of phenylarsine. The slightly yellow crystalline material was washed with alcohol, 
then with ether and dried under diminished pressure. After a second recrystallization 
from benzene the product, which was halogen free, weighed 3.2 g. 

When 2.06 g. of the material, suspended in 50 cc. of ether, was shaken with 25 cc. 
of hydrobromic acid 1.13 g. of arsenobenzene, m. p. 210-212", was obtained. 

Anal. Calcd. for CtzHloAs~: As, 49.31. Found: As, 49.26. 
From 1.72 g .  of the product, 50 cc. of ether and 1.4 g. of iodine there was produced 

1.45 g. of diphenyldiiododiarsyl; m. p. 177-178". 
Hydrolysis of Di-#-anisyldiiododiarsy1.-When the diiododiarsyl,6 obtained from 

13.1 g. of p-anisyldii~doarsine,~ was hydrolyzed in the manner described above, there 
was obtained 2.5 g .  of p-anisylarsine oxide, m. p. 136-13g0, and 1.7 g. of a crystalline 
halogen-free, alkali-insoluble product, m. p. 220-230": OJ, As found, 40.02 and 40.20. 

Dissolved in bromobenzene 1.082 g. of the alkali-insoluble product absorbed 61 
cc. of oxygen in two minutes. 

When the alkali-insoluble material was suspended in ether and treated with hydro- 
chloric or hydrobromic acid di-@-methoxyarsenobenzene was obtained; mixed m p. 
233-235°.8 

Phenylarsine and Diphenyldi-iod0diarsy1.~-To 6.79 g. (0.012) mole of diphenyl- 
diiododiarsyl, suspended in 75 cc. of absolute alcohol, there was added 2.4 g. (1.8 cc., 
0.015 mole) of phenylarsine. After the mixture had been shaken for twelve hours the 
deep yellow color of the diiododiarsyl had disappeared and a pale yellow compound re- 
mained suspended in the solvent. The alcohol was decanted, the solid material washed 
with alcohol and ether and then dried for some time in the radical bulb under diminished 
pressure. This material melted from 14WL12" and absorbed oxygen: 0.600 g. absorbed 
11 cc. in two minutes. The smallest possible amount of boiling xylene necessary to dis- 
solve the product was introduced into the radical bulb; after two days 2.8 g. of pure 
arsenobenzene had separated from the solution; mixed m. p. 209-210"; calcd. yield 
5.5 g.1° 

Anal. Calcd. for ClzH~oOz: As, 49.31. Found: As, 49.07. 

When alcohol was replaced by absolute ether in the above experiment and the 
mixture shaken for three days, 87% of the diiododiarsyl was recovered unchanged. 

Diphenylarsine and Diphenyldiiododiarsy1.-The diphenyldiiododiarsyl, obtained 
from 8.12 g. (0.02 mole) of phenyldiiodoarsine, 14 g. of crystalline phosphorous 
acid and 100 cc of absolute alcohol-approximately 0.01 molel1-was suspended in 60 

(5) For further identification the oxide was converted into phenyldichloroarsine and the latter 
identified as phenylarsplene N-pentamethylenedithiocarbamate [Blicke and Oakdale. THIS JOURNAL, 
54, 2995 (1932). The melting point of this compound should be 183-184° instead of 173-174O as 
recorded previously. 

(6) Blicke and Smith, ibid., 52, 2043 (1930). 
(7) Blicke, Powers and Webster, ibid., 54, 2946 (1932) 
(8) A sample of di-p-methoxyarsenobenzene, obtained by reduction of p-anisylarsine oxide in 

acetic acid with hypophosphorous acid, melted a t  228-230" after recrystalli~ation from bromobenzene. 
(9) A description of the apparatus used in this and the following experiment was published pre- 

viously [Blicke and Powers, ibid., 54, 3356 (1932)l. 
(10) The yield was, undoubtedly, lowered to a decided extent by recrystallization. In the re- 

crystallization of pure arsenobenzene from xylene the yield of crystalline product which separated from 
the xylene was about 50%; only gummy material could be obtained from the mother liquor. 

(11) The diiododiarsyl was not removed from the free radical bulb in which i t  had been prepared. 
In a number of instances in which the diarsyl, prepared by this method, had bren isolated the yield of 
pure product was never less than 90y0 of the calcd. amount. 



cc. of absolute alcohol and 4.60 g. (3.54 cc., 0.02 mole) of diphenylarsine added.12 The 
mixture, initially yellow in color, was shaken vigorously for twelve hours; after thirty 
minutes it had become colorless. The alcohol was decanted from the solid material into 
a second radical bulb and the alcohol removed by distillation under reduced pressure. 
In  order to separate the compounds formed, arsenobenzene and tetraphenyldiarsyl, 
advantage was taken of the fact that the latter substance is soluble in ether while ar- 
senobenzene is practically insoluble in this solvent. One hundred cubic centimeters of 
ether was poured onto the mixture, whereupon most of the tetraphenyldiarsyl dissolved. 
The ether solution was then decanted through a Jena filter into the second bulb. The 
purpose of the filter was to retain finely divided arsenobenzene which remained suspended 
in the ether. The arsenobenzene was washed with ether until free from the diarsyl. 
The residue of arsenobenzene weighed 2.97 g.; m. p. 203-207"; calcd. yield 3.04. After 
recrystallization from bromobenzene it melted a t  208-210 O. 

The ether solution in the second bulb was shaken with alkali to remove traces of 
unchanged iodides, washed free from alkali and then concentrated to a volume of 25 cc.; 
a copious precipitate of tetraphenyldiarsyl was obtained. After recrystallization from 
absolute alcohol, the material weighed 2.6 g., m. p. 128-130°.1S Upon concentration of 
the mother liquor an additional 0.4 g. of product was obtained; calcd. yield 4.58 g. 

Anal. Calcd. for C~aHzoAsz: As, 32.73. Found: As. 32.72, 32.69. 

Summary 
Several diaryldihalodiarsyls were treated with alkali whereupon an 

arylarsine oxide and an alkali-insoluble product were formed. 
Phenylarsine and diphenyldiiododiarsyl react to form arsenobenzene; 

diphenylarsine and the diiododiarsyl yield arsenobenzene and tetraphenyl- 
diarsyl. It has been claimed in the literature, on the basis of meager 
experimental data, that cyclic triphenyltriarsine is formed in the first 
instance and hexaphenyltetraarsine in the second. 

ANN ARBOR, MICHIGAN RECEIVED JULY 8, 1932 
PUBLISHED JANUARY 11, 1933 

(12) No reaction seemed to take place when ether was used as a solvent. 
(13) Blicke. Weinkduff and Hargreaves, THIS JOURNAL, 63, 782 (1930). 
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The Structure of X-Chlororesorcinol 

BY BENJAMIN F. CLARK 

In a recent investigation, the author obtained a considerable quantity of 
a tnaterial which corresponded in all its characteristics with the compound 
listed in Beilstein as "x-chlororesorcinol." This material was first pre- 
pared by Reinhard,l who obtained i t  by treating resorcinol with sulfuryl 
chloride. In an attempt to determine the structure of this compound, 
Reinhard endeavored to replace the chlorine atom with a hydroxyl group 
by fusion of the compound with sodium hydroxide and also potassium 
hydroxide, but he obtained no trihydroxybenzene, even when he heated the 
materials as high as 250'. Heating above 250" caused charring to take 
place. 

The author attempted to convert chlororesorcinol into the corresponding 
trichlorobenzene by prolonged heating with phosphorus pentachloride. 
A sample of chlororesorcinol, even when heated for eight hours a t  250" with 
phosphorus pentachloride, gave only a rubber-like residue from which no 
material resembling any of the trichlorobenzenes could be extracted. 
When a temperature lower than 250" was used, no reaction took place. 

It seemed likely that the chlorine atom was in the ortho position with 
respect to one hydroxyl group and para with respect to the other; ac- 
cordingly, a synthetic method for making this compound was devised. 
The physical constants of the material obtained, as well as those of several 
of its derivatives, were then found and compared with those obtained by 
Reinhard with his "x-chlororesorcinol." 

Chlorobenzene was chosen as the starting point, and from i t  2,4-dinitro- 
chlorobenzene was prepared. The nitro compound was then reduced to  
the corresponding amine, 2,4-diaminochlorobenzene. The physical con- 
stants for these materials compared closely with those recorded in the 
literature, The amino compound was diazotized and the diazonium 
groups then replaced by hydroxyl groups. 

Experimental 

2,4-Dinitrochiorobenzene.-The method of Einhorn and Fry2 was used in the 
preparation of this compound, m. p. 49.5O (corr.) from alcohol. 

2,4-Diaminochlorobenzene.-For the reduction of the nitro compound, the method 
of Beilstein and Kurbatow was used, m. p. 90-91° (corr.) from alcoh01.~ 

Chlororesorcino1.-20.0 grams (0.140 mole) of 2,4-diaminochlorobenzene was 
dissolved in 500 cc. of 10% hydrochloric acid, to which had been added 200 g. of cracked 

Reinhard, J. prakt. Chem., [11] 17,322 (1878). 
Einhorn and Fry, Ber., 27,2457 (1894). 
Beilstein and Kurbatow, I. Russ. Phys.-Chem. Soc., 11,370 (1879). 
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ice; 19.5 g. (0.280 mole) of c. P. sodium nitrite, dissolved in 200 cc. of water, was slowly 
added and the solution stirred constantly. The solution was then allowed to come slowly 
to room temperature. After standing overnight, the solution was distilled with steam. 
Nitrogen was evolved and a cream-colored crystalline material appeared in the distil- 
late. When no more crystals came over, the distillate was filtered and the crystals care- 
fully dried on a porous plate; yield 15.2 g. (96%). The crude material melted a t  87- 
87.5', and after two recrystallizations from alcohol it melted a t  88.5-89.0' (con-.). 
Reinhard obtained a melting point of 89" for "x-chlororesorcinol." A mixed melting 
point determination, made on a portion of the material mixed with a sample of chloro- 
resorcinol made by Reinhard's method, gave a value of 88.5-89.0 ". 

The bromine derivative, prepared according to Reinhard's method, melted a t  
103.5-104.O0, after one recrystallization from alcohol. Reinhard obtained a melting 
point of 105" for this compound. 

The dibenzoyl derivative melted a t  97 O as compared with the value of 98" reported 
by Reinhard. 

Analysis of the purified chlororesorcinol, as obtained by the above method, gave the 
following results: calcd., C1, 24.53; found, C1, 24.63. The method of Lemp and Bro- 
derson4 was used in this analysis. 

Conclusion 

As a result of a synthetic method, in which chlororesorcinol was prepared 
from compounds of known structure, it has been shown that "x-chloro- 
rcsoreinol" has the structure 1-chloro-2,4-dihydroxybenzene. 

Lernp and Broderson, THIS JOURNAL, 3Q1 2069 (1917). 

[CONTRIBUTION PROM THE RUSSELL-MILLER MILLING CO. LABORATORY ] 

Lipases of Wheat. I 

No studies of any of the lipases of wheat or its products have been re- 
ported in the literature. Furthermore, no references have been made con- 
cerning the importance of lipase in relation to the quality and storage of 
wheat products. Therefore considerable preliminary work is necessary in 
establishing the following fundamental facts (a) the most reliable method 
for the measurement of the lipase activity of wheat; (b) the best methods of 
extraction to increase the concentration of the enzyme from any given 
wheat product; (c) the distribution of the enzyme in the different milling 
separations of wheat; (d) the optimum conditions of time, temperature 
and PH for wheat lipase activity as well as the specificity of different buffer 
mixtures, the effect of various activators and inhibitors and the action of 
the enzyme on various substrates. These preliminary experiments de- 
scribed here are intended to establish some of the variables influencing the 
activity of the lipases of wheat and its products. 
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Experimental 
An arbitrary method of measuring the lipase activity was first developed 

based on a number of different methods previously reported in the litera- 
ture. Ground wheat was used as the source of the enzyme. The method 
used was as follows: 0.5 g. of finely ground wheat was incubated for 
twenty-four hours a t  37.g0 in a 250-cc, Erlenmeyer flask with 10 cc, of water, 
2 cc. of toluene, the substrate (1 cc. of liquid or 1 g. of solid fat) and 10 cc. 
of buffer solution. At the end of the incubation period, 100 cc. of 3 : 1 ace- 
tone-ether mixture was added to the sample and also the blank which had 
been boiled previous to incubation; 0.1 N sodium hydroxide was used for 
the titration with 1% phenolphthalein as an indicator. The results ob- 
tained from various substrates are given in Table I. The action of the 

Clear 
Tri- Tri- Tri- Tri- 

Triacetin propionin Tributyrin n-valerin Tricaproin caprylin Trimyristin palmitin Tristearin 
PH CC. PH CC. P H CC. PH CC. PH CC. PH CC. Pa Cc. Prr Cc. PH Cc. 

Clear Wheat 
Ethyl Ethyl Ethyl Ethyl Olive Tri- Ethyl 

P H propionate butyrate stearate oleate oil PH Triacetin stearin acetate 
7 .6  1 . 1  0 . 2  0 . 6  0 . 7  0 .4  7 .5  27.8 0 . 4  8 . 4  
7 . 4  1.7 0 . 5  0 . 4  1 . 6  0 . 6  6 .3  20.3 ... 6 . 9  
5 . 2  3.0 1 . 9  0 . 3  1 . 8  1 . 7  5 . 8  16.0 0 . 6  6 . 0  

5 . 2  12 .6  1 . 3  5 . 9  

enzyme was tried in the alkaline and also in the acid range on all the sub- 
strates used. It will be noted that in the case of the liquid triglycerides of 
the saturated fatty acids, the titration value decreases with an increase 
in molecular weight. Since a few of these substrates are solids, there would 
be less surface than in the case of the liquids and this would affect the rate 
of enzyme action. It is generally assumed that wheat germ which has the 
highest fat content of all the milling separations also has the highest li- 
polytic activity. However, in comparing all the milling separations, other 
fractions showed greater activity in the hydrolysis of certain neutral tri- 
glycerides. The PH of the boiled preparation including the sample, sub- 
strate, toluene and buffers was determined potentiometrically in all cases. 
Since phosphates are the natural buffers of wheat, it was desirable to use 
phosphate buffers wherever possible. Mixtures of primary potassium 
phosphate and secondary sodium phosphate were employed for one group 
of determinations, and primary potassium phosphate and borax for the 
more alkaline range. Graphs I and I1 show the results obtained. In  
Table 11, the results are given of various methods tried in an effort to in- 
crease the activity of the enzyme. None of these methods was found to 



give more than a very slight increase in the titration value over that ob- 
tained on the untreated and unextracted sample when using triacetin as 
the substrate. When germinated wheat was used with some of the higher 

5.0 5.5 6.0 6.5 7.0 7.5 
PH. 

Fig. 1.-Buffers: KHzPOl and NazHP04.12H~O. 

triglycerides, an increased action was observed. As these higher triglycer- 
ides are the natural components of wheat, further work is to be done on 
the higher fats. 

10.0 1 
6.0 6.5 7.0 7.5 8.0 8.5 9.0 

PH. 
Fig. 2.-Buffers: 0.1 M KHzPO4 and 0.5 M NazB40rlOHaO. 

A comparison was made using Ricinus lipase and the lipase of soy bean 
prepared by exhaustive ether extraction of the beans. Neither of these 
preparations gave as high results as the ground untreated wheat when tri- 
acetin was used as a substrate. 

A negative test for the free amino group was obtained by testing the in- 
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TABLE I1 
GROUND WHEAT EXTRACTED BY VARIOUS METHODS IN AN EPFORT TO INCREASE THE 

CONCENTRATION OF THE LIPASE WHICH ACTS ON TRIACETIN 

Results Expressed in Cc of N/lO Sodium Hydroxide 
Ex- Ex- 

Resting haustive haustive 
wheat ether toluene Glycerin 

not extrac- extrac- Ger- extrac- Water extractton 
1 ' ~  extracted tion tion minated tion filtrate residue 

5.8 (no buffers) 22.1 23.1 22.6 22.5 13.6 8 .4  7.1 
7 7 27.4 29.0 28.0 29.0 19.7 17.9 10.1 
7 .4  25.9 27.0 25 9 27.5 79.7 16.9 9.2 
6 3 20.1 21 8 21.3 22.0 .. 12.6 7.8 
5 8 17.9 17.6 17.5 18.4 . . 8.9 6.3 
5 3 14 4 12.8 14.6 16.5 .. 6.8  3.8 

Preliminary 
Preliminary Digestion with Tlypsin Digestion with Diastase 

Filtrate 
Residue Residue not from Residue 
extracted extracted tryptic extracted 
with ether with ether digestion with ether Filtrate 

5 .8  (no buffers) 3.1 2.5 19.5 3 . 1  13.5 
7.7 4.2 2 9 24.1 3.0 19.1 
7.4 3.1 3 .1  23.5 4 .0  19.0 
6.3 4.0 4.5 . . 4.0 . . 
5.8 3.3 3.2 . . 3.7 . . 
5.2 2.0 2.5 . . 3.2 . . 

PH Trimyristin Tripalmititi Tristearin Wheat fat E E. 

Unextracted wheat 
5 2 Germinated (three days) 3 . 2  2.6 1 .8  2.2 
5.2 Resting 1.5 0.7 0 :4 0.7 

Ether extracted wheat 
5.2 Germinated previous to 

extraction . . .  . . .  ... 2.2 
5 2 Resting ... . . .  , . . 1.1 

cubated products with ninhydrine, eliminating the possibility of any in- 
crease in titratable acidity being due to amino acids. 

Discussion 
Glycerides of the lower fatty acids, particularly triacetin and tripro- 

pionin, were acted on to the greatest extent, triacetin giving considerably 
higher results than any other substrate tried. Ethyl acetate gave a higher 
titration value than ethyl butyrate, which showed very little action, al- 
though neither of these esters was acted on to the extent of triacetin and 
tripropionin. This fat splitting enzyme of wheat acts on the glycerides of 
the fatty acids to a greater extent than on the corresponding esters. The 
higher titration values given by triacetin and ethyl acetate compared t o  
the higher members of their series is, however, undoubtedly purely physical 
and is probably due to the relatively greater water solubility of these lower 
members. No triolein or glycerides of other unsaturated fatty acids were 
tried in these experiments, although olive oil was found to give a titration 



value comparable to the higher saturated glycerides. With olive oil as a 
substrate, the enzyme has its optimum PH in the acid range. Many in- 
vestigators in this field have measured the extent of lipase activity by the 
use of triacetin, tributyrin, ethyl butyrate and such compounds of the lower 
fatty acids as substrates. Since the higher fatty acids, such as stearic, 
palmitic and oleic, are those commonly present in plant and animal tissues, 
i t  would seem to the authors that lipase studies to be of any practical signi- 
ficance should be directed toward the use of such substrates as are present 
in greatest amounts in natural products. 

This study is being continued in an effort to find the optimum conditions 
of time, temperature and PH under which the higher triglycerides, lecithin 
and other lipides naturally present in wheat are hydrolyzed. An effort is 
being made to obtain a more active enzyme preparation by other methods 
than those already described and to study the effect of various activators 
and inhibitors on such preparations. 

The authors wish to thank Dr. G. 0. Burr and Dr. W. M. Sandstrom for 
valuable suggestions. 

Summary 

1. A method has been described for the measurement of the activity 
of the lipase of wheat products and i t  has been shown that with the time 
and temperature employed, and with triacetin as the substrate, the enzyme 
was most active on the alkaline side a t  PH 7.3 to 8.2 and that i t  has a wide 
optimum range. All wheat products show a marked action in cleaving 
triacetin, the highest values being given by low grade flour rather than 
by germ or bran. When the higher triglycerides of fatty acids naturally 
present in wheat were used as substrates, the enzyme showed an optimum 
on the acid side. Germination of wheat increased the activity of its lipase 
when the higher triglycerides were used as substrates, but made very little 
difference when triacetin and the glycerides of the lower fatty acids were 
employed. 

MINNEAPOLIS, MINNESOTA RECEIVED JULY 11, 1932 
PUBLISHED JANUARY 11, 1933 
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[CONTRIBUTION PROM T H E  NICHOLS LABORATORY OF NEW YORK UNIVERSITY ] 

Condensations of Isatin with Acetone by the Knoevenagel 
Method1 

In a recent article it was shown2 that isatin and acetophenone will 
condense, in the presence of certain bases, to yield 3-hydroxy-3-phenacyl- 
oxindole. This reaction suggested the use of other methyl ketones like 
acetone. Isatin and acetone condense when present with small amounts 
of diethylamine to yield 3-acetonyl-3-hydroxyoxindole (I). 

The condensation involves the /3-carbonyl of the isatin moIecuIe rather 
than the nitrogen, for N-methylisatin will also react with acetone to 
yield a product with chemical properties similar to those of (I). 

Compound (I) decomposes upon the application of heat, or upon being 
warmed with aqueous alcoholic potassium hydroxide solution, into isatin 
and acetone. This decomposition is evidently another example of a re- 
versed aldol reaction. A longer period of heating with the potassium 
hydroxide solution results in the formation of 2-methylcinchoninic acid, 
not, apparently, through rearrangement of the 3-acetonyl-3-hydroxyoxin- 
dole, but rather through its decomposition into isatin and acetone followed 
by a Pfitzinger3 type of condensation of the acetone with the o-amino- 
benzoylformic acid, formed by the hydrolysis of the isatin. 

Treatment of I with certain acidic reagents effects the loss of one mole 
of water with the resulting formation of 3-acetonylideneoxindole (11), a 
highly colored red-orange compound. 

OH 

It might be expected that 11, upon ring opening through hydrolysis, 
would form 2-methylcinchoninic acid as a result of subsequent reaction of 
the ketone carbonyl with the nuclear NH2 group. However, I1 could not 
be rearranged to the corresponding quinoline derivative by treatment with 
potassium hydroxide. This is in agreement with the failure of 3-phenacyli- 
deneoxindole and 3-phenacyloxindole to rearrange to cinchophen and 3,4- 
dihydro-2-phenylcinchoninic acid, as noted in our previous paper. There- 
fore 3-acetonylideneoxindole cannot, apparently, be considered an inter- 
mediate in the Pfitzinger synthesis of 2-methylcinchoninic acid from isatin 

1 Abstract from a thesis presented by F. Braude in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy at New York University. 

* Lindwall and Maclennan, THIS JOURNAL, 54, 4739 (1932). 
Pfitzinger, J. prakt. Chem., 33, 100 (1886); 38, 583 (1888); 56, 283 (1897). 
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and acetone. It is possible that I1 is a tram isomer and will not form the 
quinoline derivative for this reason. This point has not yet been com- 
pletely investigated. 

3-Acetonyl-3-hydroxyoxindole will condense with a mole of isatin to 
yield 1,3-bis-(3-hydroxy-3-oxindyl)-2-propanone (111). This compound 
also results when 2 moles of isatin condense with one of acetone. N- 
Methylisatin behaves in an analogous manner with acetone. Compound 
I11 yields a xnonoxime (IV) 

Experimental Part 
3-Acetonyl-3-hydroxyoxindole (I).-A mixture of 25 g. of isatin, 139 g. of acetone 

and 13.9 g. of diethylamine was allowed to stand for twenty-four hours a t  room tem- 
perature. Pale yellow crystals separated which became white upon recrystallization 
from acetone. The product is soluble in ethyl alcohol, n-butyl alcohol, acetone and 
ethyl acetate, but is insoluble in water; m. p. 166-167' with decomposition; yield, 75%. 

Anal. Calcd. for CIIHIIOJN: C, 64.62; H, 5.44; N, 6.83. Found: C, 64.48; 
H, 5.42; N, 6.82. 

3-Acetonyl-3-hydroxy-l-methyloxindole.-The same proportions and procedure 
were used as for I (above), replacing the isatin by N-methylisatin The product was 
recrystallized from benzene: m. p. 145" ; yield, 79%. 

Anal. Calcd. for C1zH1803N: N. 6.39. Found: N, 6.28, 6.31. 
Isatin by the Decomposition of 3-Acetonyl-3-hydroxyoxindole (I).-A mixture of 

2 g. of (I), 22.5 cc. of ethyl alcohol and 10.5 cc. of 33% potassium hydroxide was heated 
on a steam-bath for one hour. The resulting solution was acidified with dilute hydro- 
chloric acid. A brown precipitate resulted which proved, upon crystallization, to be 
isatin; m. p. 198O; m. p. mixed with a known sample of isatin, 198'. 

2-Methylcinchoninic Acid from 3-Acetonyl-3-hydroxyoxindo1e.-The mixture 
described above was heated for eight hours on a steam-bath. Acidification with hydro- 
chloric acid yielded a light brown precipitate. Crystallization from boiling water gave 
a white crystalline product which was identified, by melting point and mixed melting 
point, as 2-methylcinchoninic acid. 

3-Acetonylideneoxindole @I).-3-Acetonyl-3-hydroxyoxindole (10 g.) was heated 
with 45 cc. of ethyl alcohol and 11.5 cc. of coned. hydrochloric acid until a clear solution 
was obtained. The solution was then poured over 80 g. of ice. A bright yellow-red 
solid formed. Recrystallization from ethyl alcohol yielded red needles, soluble in ether, 
acetone, ethyl acetate, ethyl alcohol and hot benzene: m. p. 168-171 O ;  yield, 42% 

Anal. Calcd. for CI~HSOZN: N, 7.49 Found: N, 7.43, 7.48. 
3-Acetonylidene-l-methyloxindole.-3-Acetony-3-hydroxy-l-mrtliyloxidole was 

treated as outlined above in the preparation of 11. The product is red and soluble ill 
alcohol and ether: m. p. 120-122"; yield, 57%. 
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Anal. Calcd. for CI~HIIO~N: C ,  71 90; 1-1 5.51; N, 6.97. lpo~~nd: C, 71.45; 
H, 5.51; N, 6.84, 7.00. 

Attempted Rearrangement of 3-Acetonylideneoxindole to 2-Methylcinchoninic 
Acid.-A mixture containing 1.25 g. of 3-acetonylideneoxindole, 2.9 g. of sodium hydrox- 
ide and 22 cc. of water was heated on a steam-bath for eight hours. Acidification with 
hydrochloric acid caused the precipitation of a brown solid. Attempts to  isolate 
2-metbylcinchoninic acid from this material were not successful. 

1,3-Bis-(3-hydroxy-3-oxindyl)-2-propanone (III).-.(A) A mixture of 2.9 g. (1 mol), 
of isatin, 4.1 g. (I mol) of 3-acetonyl-3-hydroxyoxindole, 2.7 g. of diethylamine, and 
27 cc. of absolute ethyl alcohol was allowed to stand for forty-eight hours. The solid 
rrlaterial which separated was recrystallized from ethyl alcohol and obtained as colorless 
prisms: m p. 212-214", with apparent decomposition; yield, 78%. 

(B) A solution of 4.5 g. of isatin, 1.8 g. of acetone, 2.5 g .  of diethylamille, and 
25 cc of absolute alcohol was allowed to stand at room temperature for twenty-four 
hours. A solid formed which, after crystallization from alcohol, was found to  he 
identical with the product from method "A"; yield, 16%. 

Anal. Calcd. for C19HI606N2: C, 64.76; H, 4.58; N, 7.95. Found: C, 64.54; 
H, 4.75; N, 7.80, 7.85. 

1,3-Bis-(3-hydroxy-3-oxindyl)-2-propanoe Oxime (IV).--Compound 111 (4.3 g.) 
was dissolved in 50 cc of hot ethyl alcohol, and a water solution of 2.6 g. of hydroxyl- 
saiiie hY&- chloride aiid 4.8 g. of sodiu~ii acridic wds added. T i e  soiution was boiled 
gently for a half hour After cooling and evaporation of solvent a solid resulted which 
was crystallized from 50% ethyl alcohol, and thus obtained as colorless needles, de- 
composing a t  158-160 ". 

Anal. Calcd. for C19H1105N3: N, 11 45. Found: N, 11.64. 
1,3 - Bis - (3 - hydroxy - 1 - methyl - 3 - oxindyl) - 2 - propanone.-3 - Acetonyl- 

3-hydroxy-1-methyloxindole and N-methylisatin were allowed to react using the pro- 
cedure described in method "A" for the preparation of 111. The product was recrystal- 
lized from toluene and obtained thus as colorless plates: m. p. 17&181 O,  with apparent 
decomposition. 

Anal. Calcd. for CzlH200sN2: N, 7.39. Found: N, 7.24. 

Summary 

Isatin and acetone condense in the presence of certain organic bases 
to yield 3-acetonyl-3-hydroxyoxindole and 1,3-bis-(3-hydroxy-3-oxindy1)- 

3-Acetonylideneoxindole is apparently not an intermediate in the 
Pfitzinger synthesis of 2-~neth~lcin~honinic acid, since it does not yield that 
product upon treatment with alkali. 

NEW YORK, N. Y. RECEIVED JULY 13, 1932 
PUBLISHED JANUARY 11, 1933 



Physico-Chemical Properties and Hypnotic Action of 
Substituted Barbituric Acids 

Henderson,l in a recent review, has enumerated no less than ten distinct 
theories that have been proposed to account for the mechanism of hypnotic 
action. The one which has best stood the test of time, or perhaps we 
should say, has developed the fewest shortcomings, is that of Meyer and 
Overton. This states that all chemically indifferent bodies which are 
soluble in fats or lipoids act as narcotics to living protoplasm; the relative 
degrees of activity of such narcotics depend on their affinity for fat-like 
substances on the one hand and for other body constituents on the other; 
as an approximate measure of this ratio, one may determine the distribu- 
tion coefficient of the substances between oil and water. 

Within the last ten years, barbiturates have come to occupy a prominent 
place among hypnotics, not only in routine medical practice, but in the 
more specialized fields of pre-anesthetic sedation and the prevention of 
local anesthetic reactions. These newer uses have been made possible by 
the development of new members possessing specifically valuable proper- 
ties. For instance, certain members containing the (1-methyl butyl) 
group are not only the most potent yet des~ribed,~ but are quickly broken 
down in the body. This leads to a period of intense hypnosis followed by 
rapid recovery without the prolonged depression characteristic of longer 
acting substances. The advantage of such rapid recovery following 
operative procedures is self obvious. Tatum3 has recently shown that n- 
butylethylbarbituric acid is particularly effective in the prevention of local 
anesthetic intoxication. 

There have now been synthesized and accurately evaluated pharmaco- 
logically more than one hundred barbiturates of relatively similar structure; 
over sixty have been tested in our own laboratories by a standard proce- 
dure; in addition, we have available a considerable mass of clinical data 
regarding prominent members. We may not only vary the number of 
carbon atoms in each of the alkyl groups present, but in the higher members 
we have many possibilities of isomerism. 

It seemed of interest, therefore, to study the applicability of certain of 
the above-mentioned theories of hypnotic action to the barbiturates. 

Of practical importance was the possibility that, if a definite relation 
could be established between certain physical-chemical properties and the 
hypnotic activities, a chemical method could be made available for the 

(1) IIenderson, Physiol. Rev., 10, 171 (1930). An excellent bibliography is included. 
(2) Volwiler and Tabern, THIS JOURNAL, 62, 1676 (1930); Shonle, Keltch and Swanson, ibid., 62, 

2440 (1930). 
(3) Tatum, personal communication. 
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preliminary evaluation of newly synthesized compounds. We have se- 
lected fifteen members, some because of their commercial importance, 
others because they contained interesting chemical groupings. The total 
length of the carbon chains attached to the "5" carbon varied from 2 to  11 
atoms, covering not only the rise in hypnotic efficiency, but also its subse- 
quent decrease in higher members. Two isomeric butyl and three isomeric 
atnyl groups were included. Two compounds contained asymmetric 
carbon atoms. 

Distribution coefficients of the barbituric acids were determined between 
water and a specially purified fatty acid free olive oil a t  20°. Equal 
amounts of the oil and the aqueous solutions were continuously agitated 
for a number of hours until equilibrium had been established. Analyses 
of the aqueous phase were made by the Kjeldahl method. 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Mol. 
Barbiturate wt. 

Dimethyl 156 
D...AL--T / --1-:*-1\ 

;=LILY I $dl UILdl) ,on IOf 

Ethyl i-propyl (Ipral) 198 
i-Propyl ally1 212 
Diallyl (Dial) 208 
n-Butyl ethyl (Neonal) 212 
Sec.-butyl ethyl 212 
Sec.-butyl ally1 224 
n-Amy1 ethyl 226 
i-Amy1 ethyl (Amytal) 226 
Ethyl (1-methyl butyl) (~embutal) '  226 
Sec.-butyl p-bromoallyl (Pernocton) 304 
Phenyl ethyl (Phenobarbital) 234 
Ally1 (methylhexylcarbinyl) 280 
Ethyl (methylhexylcarbinyl) 267 

Sol. g. 
per liter 

2.419 
6.03 
1.36 
4.02 
1.465 
1.90 
1.987 
2.16 
0.554 

,530 
1.20 
0.684 

.970 
3.06 
0.414 

Dist. 
coeff.. 

av. 

0.066 
"1 4 . ,212 

.73 
1.12 
0.85 
2.58 
1.36 
2.48 
2.92 
2.895 
4.4 
4.3 
1.34 
0.306 

.408 

Efficiencya 

rating 

0 + + +++ ++ +++ +++ ++++ +++ +++ ++++ ++++ ++ 
0 
0 

" Since variations of technique such as the route of administrations, etc., lead to 
slightly divergent numerical data, it seems most satisfactory to employ only compara- 
tive values. Nembutal (pentobarbital sodium) is the sodium salt of this acid. 

Table I demonstrates a definite parallelism between the partition 
coefficients and hypnotic efficiency, both increasing from a low value in 
dimethyl to a maximum in ethyl (1-methyl butyl), sec.-butyl allyl, and sec.- 
butyl (P-bromoally1)-barbituric acids, and then decreasing rapidly to small 
figures for ethyl and allyl octyls. The only outstanding exception is 
diallylbarbituric acid, although in general the unsaturated members are 
somewhat more effective than the coefficients would lead us to expect. 

Within the last year, Barlow and associates4 have carefully compared a 
number of barbiturates with particular reference to efficiency in pre- 
anesthetic sedation. They place Nembutal (Pentobarbital) a t  the top, 

(4) Barlow, Duncan and Gledhill, J. Pharmacol., 41, 366 (1931) 



followed by Pernocton and Dial; barbital and phenobarbital were found 
relatively ineffective. If we employ, instead of the pharmacologic data re- 
cently published comparisons of certain members when used intravenously 
in human beings, the correlation is even closer; for instance, both Fitch, 
Waters and Tatum5 and Lundy6 have reported Nembutal twice as effective 
as Amytal and "somewhatJ' more effective than Pernocton, and we find 
the coefficients of 4.4, 2.8 and 4.3, respectively. 

Since the theory of Meyer and Overton is based essentially upon the high 
lipoid content of nerve tissue, it seemed of interest to determine the dis- 
tribution of various barbiturates between water and a chemically neutral 
medium such as ash-free charcoal.' Adsorption (by 1 g. of charcoal) from 
(300 cc. of a 0.12%) aqueous solution was remarkably rapid, equilibrium 
with resultant removal of 75% or better of the barbiturate being complete 
in less than fifteen minutes. To our surprise the order of the members 
studied follows qualitatively a t  least the order of hypnotic efficiency. 

TABLE I1 
Barbiturate 

Dimethyl 
Diethyl (Barbital) 
Diallyl (Dial) 
n-Butyl ethyl (Neonal) 
i-Amy1 ethyl (Amytal) 
Ethyl (1-methyl butyl) (Nembutal) 
Octyl ethyl 

yo Adsorp 

79 
88 
92.5 
96 
95 app. 
96 
83 .5  

Traube has suggesteds that the surface tension of the hypnotic solution 
may be the deciding factor in determining its efficiency. We have, there- 
fore, determined the surface tension of the aqueous solutions of the above 
barbiturates at  two concentrations. Measurements were made by the 
De Nouy tensiometer at  20°, and the results expressed as the percentage of 
the normal value for water determined a t  the same time. From Table 111, 
it is seen that while surface activity does increase with increasing hypnotic 
efficiency, it does not decrease in the octyl homologs as the theory would 
lead us to expect. Furthermore, Amytal is more surface active than 
Nembutal (Pentobarbital acid) but much less effective. 

Chemical stability and rate of excretion are becoming important factors 
now that we appreciate the superiority of short-acting barbiturates as pre- 
anesthetic sedatives. Barbital is largely (70-80%) excreted unchanged in 
the urine, while with certain higher homologs the majority is apparently 
decomposed in the body.g Shonle and Keltch1° have stated that neither 
Amytal nor Nembutal is eliminated as such in the urine. 

(5) Fitch, Waters and Taturn, Am. J. Surgery, 9 ,  110 (1930) 
(6) Lundy. Anesthesia and Analgesia, 9, 210 (1930). 
(7) Kindly supplied by Dr. E. J. Miller 
(8) Tranbe, Arch. ges Physiol., 153, 276 (1913); 160, 51 (1915); 161, 580 (1915) 
(9) Herwick, J. Pharmacol., 39, 267 (1930). 
(10) Shonle and Keltch, Indianapolis Meeting, A. C. S , April, 1930 
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T a n ~ n  111 
Mol 

Barbiturate wt 

Dimethyl 156 
Diethyl (Barbital) 184 
Ethyl i-propyl (Ipral) 198 
i-Propyl ally1 212 
Dially! (Dial) 208 
n-Butyl ethyl (Neonal) 212 
.Ye,. btityl ethyl 212 
Sec -butyl ally1 224 
n-Amy1 ethyl 226 
i-Amy1 ethyl (Arnytal) 2% 
Ethyl (I-methylbutyl) (Nembutal) 220 
Sec.-butyl P-bromoallyl (Pernocton) 304 
Phenyl ethyl (Phenobarbital) 234 
Allyl (rnethylhexylcarbinyl) 280 
Ethyl (methylhexylcarbinyl) 267 

% S T  
(satd ) 

98.5 
90.0 
94.5 
84.0 
57.2 
75.5 
84.0 

Efiiciency 
rating 

0 
f 
f 

++f 
+t- +++ 

++f ++++ +++ +++ 
++4$ ++++ ++ 

0 
0 

A definite amount of the pure sodium salt was dissolved in carbon 
dioxide free water in a sealed tube and held a t  100' for sixteen hours. 
After cooling, the contents were acidified with sulfuric acid and the liber- 
ated carbon dioxide absorbed in "Ascarite." From this, the amount of 
decomposition was calculated. We find that stability toward hydrolysis 
of the sodium salts in aqueous solution to the corresponding acetyl ureas 
does not run inversely parallel to hypnotic efficiency but is dependent upon 
the groups attached to the "5" carbon atom. The presence there of any 
"secondary" linkage increases stability threefold. The additional presence 
of the unsaturated negative /3-bromoallyl group still further enhances 
resistance to hydrolysis of the ester linkage. In other words, we find the 
unexpected fact that other things being equal the powerful barbiturates 
containing a secondary group are on the one hand very stable in the test 
tube, and very unstable in the body. 

TABLE IV 
Barbiturate % Hydrolysis 

Diethyl (Barbital) 80 
n-Butyl ethyl (Neonal) 85 
i-Amy1 ethyl (Amytal) 79 
Cyclohexenyl ethyl (Phanodorn) 41 
Phenyl ethyl (Phenobarbital) 96 
Sec.-butyl ethyl 28 
Ethyl (I-methylbutyl) (Nembutal) 24 
Ethyl sec.-octyl 25 
Set.-butyl P-bromoallyl (Pertiocton) 165 

Bancroft and Richtern have recently revived Bernard's theory of nar- 
cosis and presented evidence that hypnosis is in most instances associated 
with reversible coagulation of cell colloids. While there has been no 

(11) Bancroft and Richter, J. Phys Chern,  35, 215 (1931). 



opportunity for us to study in this way the action of the barbiturates upon 
living cells, it does not seem to us that their findings conflict with the 
evidence here presented. Coagulation may be the mode of action within 
the cell, but there remains in clinical practice the all-important necessity 
for transporting the hypnotic from the point of administration to the 
interior of the cell through a series of transferences. Here, surface tension, 
absorption and more particularly lipoid solubility appear to be the limiting 
factors in the chain of events. 

NORTH CHICAGO, II.LINOIS RECEIVED JULY 13, 1932 
PUBLISHED JANUARY 11, 1933 

Adsorption Experiments with Vitamins B(B,) and G(B2) 

Seidell's adsorption of the antineuritic vitamin upon Lloyd's reagent1 

has led to considerable experimentation with this and other forms of hy- 
drous aluminum silicate looking to partial separation of vitamins B(B1) 
and G(B2) .2 

The experiments here recorded were planned in quantitatively graded 
series, and were carried out upon protein-free milk as being a material of 
special scientific interest in this connection because of the extent to which 
i t  has been used as a source of the vitamin-B complex in numerous re- 
searches, beginning with the work of Osborne and Mendel.3 As adsorbent, 
we have used a preparation of Lloyd's reagent kindly furnished us by 
Professor John Uri Lloyd. This has been used in the proportions of 5 ,  10, 
20 and 40 g. per liter of protein-free milk, prepared as described below and 
adjusted to PH 3.0 and also to PH 4.0. 

The original untreated protein-free milk, the activated Lloyd's reagent 
and the filtrates remaining after adsorption were tested quantitatively for 
their vitamin B(B1) and G potencies according to methods previously 
developed in this Laboratory.* The preparations were fed in graded 
amounts corresponding to definite quantities of protein-free milk or of the 
original skimmed milk powder. No attempt was made to study the 
possible supplementary relation of the two fractions, activated solids and 
remaining filtrates to each other. In view of the recent evidence suggesting 

(1) Seidell, U. S. Pub. Healllr Repls., 31, 364 (19161, THIS JOURNAL, 44, 2042 (1922); J .  Biol 
Chem., 67, 513 (1926). 

(2) Jansen and Donath, Proc. k. akad. welensch. Amsterdam, 29,1390 (1926); Salmon, Guerrant and 
Hays, J .  Biol. Chem., 76,487 (1928); ibid., 80,91 (1928): Williams and Waterman, ibid., 78, 311(1928); 
Hunt, ibid., 79,723 (1928); Guha and Drummond, Biochem. J., 23,880 (1929); Evans and Lepkovsky. 
J.  Nutrition, 3, 353 (1930). 

(3) Osborne and Mendel, Carnegie Inst. Washington, Pub. No. 156 (1911). 
(4) Chase and Sherman, THIS JOURNAL, 63, 3506 (1931); Bourquin and Sherman, ibid., 63, 3501 

(1931). 
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the multiple nature of both the more heat labile and the more heat stable 
components of the vitamin-B complex and in view of the further investiga- 
tions of Halliday and of Stiebeling: it is conceivable that some part of our 
apparent losses in vitamin potencies might possibly be due to a partial 
separation of the component factors of what are here treated as entities, 
i. e., vitamins 3 and G, respectively. 

This would not change the general bearings of our findings, but might 
influence slightly the details of the numerical data or of graphs plotted there- 
from. For this reason and in the interest of brevity, the details are omitted 
from this paper. They may be consulted, if desired, in the privately printed 
dissertation of the junior author, copies of which have been distributed by 
Columbia University to a number of other university libraries. 

Experimental Procedure 
The protein-free milk was prepared as follows. A weighed quantity of skimmed 

milk powder was thoroughly mixed with eight times its weight of distilled water. To  
this mixture was added sufficient 0.3 M hydrochloric acid (usually 175 cc. per 100 g. of 
the milk powder) to  completely precipitate the casein. After filtration through several 
layers of cheesecloth, the resulting filtrate was heated to boiling for five minutes to  pre- 
cipitate the heat coagulable protein and filtered through filter paper. The filtrate or 
protein-free milk had a reaction as determined by electrometric measurements using a 
hydrogen electrode and saturated calomel half-cell, of about PH 4.2. 

The protein-free milk volume was measured and divided into three aliquots; one 
aliquot after being adjusted to  about PH 5.7 with 0.2 M sodium hydroxide was without 
further treatment fed as vitamin B(B1) and as vitamin G supplements; a second aliquot 
after being adjusted to PH 3.0 with 0.3 M hydrochloric acid was further divided and each 
portion treated with a definite amount of Lloyd's reagent; the third aliquot was adjusted 
to P H 4.0 previous to treatment with the different amounts of Lloyd's reagent. The 
Lloyd's reagent was added to  portions of the protein-free milk adjusted t o  P H  3.0 and 
(or) P H 4.0 in ratios of 40,20, 10 and 5 g., respectively, per liter of the protein-free milk. 
The adsorbent and solutions, after thorough mixing, were allowed to stand in contact 
in a refrigerator overnight. The "activated solids" were then separated by use of a 
Biichner funnel, washed with dilute hydrochloric acid (PH 3.0 or P H 4.0), dried a t  room 
temperature for twenty-four hours, pulverized and used thus as vitamin B(BI) and as 
vitamin G supplements for the experimental animals. Each filtrate remaining after 
adsorption was evaporated under reduced pressure (3&40°) to approximately one-fourth 
of its original volume, adjusted to about P H 5.7 and the respective volumes measured 
in order that known equivalents in terms of the protein-free milk could be fed for meas- 
urements of their vitamin B (BI) and vitamin G potencies. 

These several preparations were kept in an ice-box and freshly prepared each week. 
As supplements the liquid preparations were fed in six equal amounts weekly, the solid 
preparations were incorporated in the basal rations each week using such quantities of 
the basal ration for this as would be somewhat less than the animal would eat during the 
week as judged by previous weekly food records, basal diet alone being fed for the re- 
mainder of the week. The experimental animals were in all cases weighed weekly. 

Results 
Animals receiving the original skimmed milk powder and animals 

receiving corresponding amounts of untreated protein-free milk as sources 
(5) Halliday, J. Biol. Chem., 96,479 (1932)  ; Stiebeling, Proc. Soc. Exptl.  Biol. Med. ,  29, 1156 (1932). 
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of vitamin B(B1) showed practically the same average responses in growth, 
indicating little or no loss of potency in the preparation of the protein-free 
milk. The same was true as regards the vitamin G content of the protein- 
free milk. 

When the amount of Lloyd's reagent employed was 40, 20, 10 or 5 g. 
per liter of protein-free milk, the filtrates were without appreciable vitamin 
B (B,) activity; approximately 50% of the original vitamin B (BI) potency 
was usually accounted for in the activated solids. Whether the protein- 
free milk had been adjusted to PH 3.0 or to PH 4.0 previous to the addition 
of the adsorbent made no significant difference in the vitamin B or in the 
vitamin G potencies of the activated solids or filtrates. In  all cases the 
difference between the average growth rates of animals receiving, respec- 
tively, the product prepared from protein-free milk adjusted to PH 3.0 and 
that adjusted to PH 4.0 was less than the probable error of that difference. 
The addition of the adsorbent caused a decrease in the acidity of the 
solutions, and this was more marked with the larger amounts of adsorbent. 
When the adsorption processes were carried out in an atmosphere of 
nitrogen rather than air, the activated solids instead of showing only 50% 
of the original vitamin B(B1) of the protein-free milk showed from 60 to 
70y0 of the potency. The activated solids carried about one-third of the 
vitamin G potency of the protein-free milk and the filtrates regularly 
contained about one-sixth of this original potency, so that in all 50% of the 
vitamin G activity of the protein-free milk could be accounted for after 
the fractionation by adsorption with Lloyd's reagent. 

When the adsorption processes were carried out in an atmosphere of 
nitrogen both activated solids and filtrates showed somewhat higher vita- 
min G potency than when the adsorption was carried out in air, the recovery 
under nitrogen being about two-thirds as compared with about one-half 
in the presence of air. The nature of these apparent losses is being studied 
further. 

Summary 
1. Protein-free milk may be prepared from skimmed milk powder 

without appreciable loss of vitamin B(B1) or vitamin G(B2) potency. 
2. Vitamin B(B1) is relatively more efficiently adsorbed from protein- 

free milk on Lloyd's reagent than is vitamin G. 
3. Varying the amount of Lloyd's reagent used from 5 to 40 g. per liter 

of protein-free milk (initially adjusted to PH 3.0 or PH 4.0) did not result 
in appreciable differences in the amounts of vitamin B(B1) or vitamin 
G(B2) adsorbed. 

4. Under the conditions of these experiments approximately one-half 
of the vitamin B(B1) potency and one-third of the vitamin G potency of the 
original protein-free milk was adsorbed on the Lloyd's reagent; but no 
appreciable amount of the original vitamin B(Bl) potency and only about 
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one-sixth of the vitamin G potency was shown by the filtrates after re- 
moval of the activated solids. 

5. When the adsorption processes were carried out in an atmosphere of 
nitrogen rather than air and under otherwise comparable conditions, the 
activated solids were somewhat more potent in both vitamins B(B1) and G 
and the filtrates were more potent in vitamin G. The apparent losses are 
being studied in other ways and in the light of the newer evidence as to 
probable multiple nature of vitamins B and G. 

NEW YORK CITY RECEIVED JULY 14. 1932 
PUBLISHED JANUARY 11, 1933 

Liquid Ketene and Ketene Polymers 

In a study of liquid ketene which was prepared by liquefaction from the 
gas stream from the pyrolysis of acetone, a few new items of interest were 
found. (1). Polymerization, which occurs even at  -SO0, may be retarded 
by a trace of hydroquinone (2 mg. for 2 cc. of liquid). (2). No reaction 
was observed in twelve hours between liquid ketene and metallic sodium or 
sodium-potassium (1 : 2) alloy or sodamide (suspended in toluene) or iso- 
prene. Thus, the alkali metals did not bring about rearrangement of 
ketene into hydroxyacetylene (HC=COH) and the isoprene did not add in 
the way it adds to maleic anhydride."ossibly the low temperature was 
a contributing factor in these negative effects. (3). An extremely vigor- 
ous reaction was observed between liquid ketene and the Grignard reagent. 
Even a t  - 78' and diluted with ether the reaction with n-butyl- or phenyl- 
magnesium bromide was so vigorous that each added drop of Grignard 
reagent produced a crackling sound. The voluminous yellow solid which 
precipitated hydrolyzed to a sticky gum from which nothing was obtained. 
This is a modification of the experiment of Deakin and Wil~more.~ They 
diluted gaseous ketene with hydrogen and observed a very complex reaction 
as it was passed into a cold ether solution of methylmagnesium bromide. 

(4). Tertiary alcohols react with liquid ketene giving tert-alkyl acetates. 
In previous unpublished work,3 it was demonstrated that ketene gas also 
acetylates these tertiary alcohols but less effectively. This confirms Davis 
and Murray4 who stated: "Tertiary butyl acetate, a typical tertiary ester, 
is suitably prepared by the action of ketene with tertiary butanol." How- 
ever, Davis and Murray cited no experimental work. 

(1) Diels and Alder, Ann., 460, 98 (1928); 470, 62 (1929); 478, 137 (1930). 
(2) Deakin and Wilsmore, J. Chem. Soc., 97, 1968 (1910). 
(3) Hard and Martin, M.S. thesis of K. E. Martin, Northwestern University, 1928 
(4) Davis and Murray, Ind.  Eng. Chem., 18, 846 (1926). 



Six cc. of tert.-butyl alcohol (b. p. 79.5-80") a t  20' was added dropwise during ten 
minutes to 6 cc. of liquid ketene a t  -78'. The alcohol solidified but gradually dis- 
solved. After three hours the mixture was distilled. About 3 cc. of the alcohol was 
recovered and 4.5 cc. of a tert.-butyl acetate fraction (92-98") formed which, on redistil- 
lation, gave these constants: b. p. 96'; n1n8 1.386 as compared with the recorded 
value6 of 1.3887. 

Similarly, 5 cc. each of tert.-pentyl alcohol and ketene were admixed and the mixture 
distilled after three hours. Three cc. was collected below 120" and 2.6 cc. above 130". 
The tert.-pentyl acetate fraction, b. p. 120-130°, was 4.0 cc. On redistillation, it  boiled 
a t  123 " (747 mm.) ; n2: 1.392. 

Polymers of Ketene.-It was found that both ketene dimer and dehydroacetic 
acid were by-products in the preparation of ketene from acetone. Accordingly, an 
apparatus was constructed to facilitate the separation of these polymers. Acetone was 
boiled into the bottom of a vertical Pyrex reaction tube (2.5 X 90 cm.) the temperature 
of which was held a t  700' by an electric furnace. The escaping gases were directed 
downward through a water cooled condenser and the condensate returned to  the acetone 
flask to  be recycled. The acetone which remained in the gas stream was separated with 
a coil condenser a t  -15". When acetone was boiled into the apparatus a t  such a rate 
that  2 drops per second of condensed acetone fell from the water condenser, then the 
flow of ketene in the nncondensed gas was 0.3 mole per hour. Part of this ketene 
could be liquefied in a trap a t  -78' but for complete removal a liquid air trap was 
necessary. 

Fractionation of the condensate to 70' a t  the end of a day's run left a residue weigh- 
ing 30-50 g. From 15 liters of acetone, 300 g. of this residue was obtained. Two 
hundred grams of this was crude ketene dimer, b. p. 120-130 ", and 100 g. was still higher 
boiling. Both fractions were contaminated with some acetic anhydride, the presence of 
which was no doubt due to the fact that the technical acetone used contains some 
water: 2CH2CO + Hz0 --+ (CH3CO)20. The identity of ketene dimer was con- 
firmed not only by its boiling point, 125O, but also by its derivative with aniline, namely, 
acetoacetanilide, m. p. 84". 

The 100 g. of higher boiling residue was about two-fifths dehydroacetic acid. This 
was separated by two methods: (1) chilling in a refrigerator and recrystallization of the 
crystals thus produced from either water or benzene; (2) vacuum distillation. The 
melting point by either method was 108" and it  was not depressed by mixing with 
known dehydroacetic acid. I n  the vacuum distillation of a 25-g. portion of the 100 g. 
of residue, 3 cc. of liquid distillate was collected, after which a 10-g fraction appeared 
which solidified on cooling. This was dehydroacetic acid. The higher boiling residue 
was a brown tar which appeared to  decompose as i t  was distilled further. 

Chick and Wilsmore6 obtained dehydroacetic acid7 by treating ketene 
dimer with a little pyridine. This polymerization is most simply explained 
on the assumption that ketene dimer is acetylketene rather than cyclo- 
butanedione. Using partial valence formulas it is a straightforward addition 

1 )  H-C 
XC...... 

0 0 

(5) Smith and Olsson, Z. physik. Chem., 118, 99 (1925). 
(6) Chick and Wilsmore, J. Chem Soc , 93, 946 (1908): 97, 1987 (1910). 
(7) For its structure, see Rassweiler and Adams, TIIIS JOURNAL, 46, 2758 (1924). 
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The acetylketene formula may be reconciled with Chick and Wilsmore's 
observation that ketene dimer gives rise to 7-bromoacetoacetyl bromide on 
bromination by assuming the following rearrangement 

CHsCOCHBrCOBr --+ C132BrCOCHiCOBr 

That the -COBr group may facilitate this rearrangement is very reason- 
able in viev of the similar re=rrangement8 which is promoted by the 
-COOCzHs group: CH3COCHBrCOOC2Hb --+ CH2BrCOCH2COOC2H5. 

In a recent paper by Berl and Kullman
g 

entitled "Preparation of Ke- 
tene by the Catalytic Decomposition of Acetone," acetone vapors were 
decomposed in an apparatus of the customary type.I0 One gains the im- 
pression that a pronounced catalysis was observed, but as a matter of 
fact any catalytic effects were very small. The yield of ketene depended 
in large measure on the temperature (about 700°, whereas for useful cataly- 
sis one might anticipate about 300 or 400') and on the ratio of vaporized 
to decomposed acetone. The best yield (77%) was obtained a t  680' with 
the above ratio as 22: 1. The fact that a V205 filler was present in the reac- 
tion tube seems less important than Berl and Kullmann infer, for similar 
results were obtainedl1 with about the same conditions when the reaction 
tube was quite empty. 

Summary 

Liquid ketene fails to react with sodium, sodium- potassium, sadamide or 
isoprene. Its reaction with Grignard reagents is violent and complex. 
Liquid ketene reacts satisfactorily with tert-butyl and tert-pentyl alcohols 
to give the tert-alkyl acetates. 

Ketene dimer and dehydroacetic acid are by-products of the ketene 
synthesis. A method of isolating them is described. 

EVANSTON, ILLINOIS RECEIVED JULY 15. 1932 
PUBLISHED JANUARY 11, 1933 

(8) Hantzsch, Ber., 27, 355, 3168 (1894). 
(9) Berl and Kullmann, ibid.. 65, 1114 (1932). 

(10) "'Organic Syntheses," John Wiley and Sons, New York, 1932, Collective Vol. I, p. 326. 
(11) I-Iurd and Dull, THIS JOURNAL, 54, 3428 (1932). 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY, UNITED STATES GEOLOGICAL 

SURVEY, DEPARTMENT OF THE INTERIOR] 

The Analysis and Composition of Fatty Material Produced by 
the Decomposition of Herring in Sea Water1 

The widely accepted theory of the origin of petroleum in sedimentary 
deposits through the decomposition of organic matter derived from plants 
or animals, or both, adds special interest and importance to our knowledge 
of observable changes in such materials under natural conditions. The 
material described in this paper, found to be calcium and magnesium salts 
of fatty acids, came from a wrecked boat load of herring, and had appar- 
ently resulted from the action of sea water on the herring, though for 
exactly how long a period is not known. 

This material was collected a t  Mole Harbor, Admiralty Island, Alaska, 
by Mr. A. Hasselborg, and sent to Dr. David White, of the United States 
Geological Survey, who turned i t  over to the Chemical Laboratory of the 
Survey for study and analysis. It was reported that the wreck had long 

ANALYSIS (BY E. T. ERICKSON) OR 

FATTY MATERIAL DERIVED FROM THE 

DECOMPOSITION OF HERRING 

C . . . . . . . . . . . . . . . . . . . . . . . . . .  63.63 
H . . . . . . . . . . . . . . . . . . . . . . . . . .  10.06 
N . . . . . . . . . . . . . . . . . . . . . . . . . .  0.43 
S . . . . . . . . . . . . . . . . . . . . . . . . .  0.93 
Ca . . . . . . . . . . . . . . . . . . . . . . . . .  5.00 
Mg . . . . . . . . . . . . . . . . . . . . . . . . .  0.82 
K . . . . . . . . . . . . . . . . . . . . . . . . . .  0.03 
Na . . . . . . . . . . . . . . . . . . . . . . . . .  0.26 
Fez0 a . . . . . . . . . . . . . . . . . . . . . . .  Trace 
A1208 . . . . . . . . . . . . . . . . . . . . . . .  0.12 
Po4 . . . . . . . . . . . . . . . . . . . . . . . .  0.19 
SO4, COa.. . . . . . . . . . . . . . . . . . .  None 
NaC1 . . . . . . . . . . . . . . . . . . . . . . .  2.72 

rested in fifteen fathoms of water. As 
i t  finally broke up Mr. Hasselborg ob- 
served that pieces of this particular 
material rose to the surface, broke up, 
and gradually sank again. The mate- 
rial, as received in Washington, sank in 
sea water of specific gravity 1.03, unlike 
free fatty acids, which float. This fact 
indicates that such material might be 
deposited directly in sediments. The 
sample consisted of fairly uniform 
pieces with a greasy feel, somewhat 
porous and nearly white in appearance, 
with some finer broken material. The 

Si02. . . . . . . . . . . . . . . . . . . . . . . .  0.20 larger pieces seemed to consist of layers. 

84.39 This analysis was made with material 
Undetermined, mainly oxygen, dried a t  105 O for one hour, during which 

by difference.. . . . . . . . . . . .  15.61 the loss was 5.90%. This loss was 

00 found to be practically all the water and 
did not include a significant quantity of 

organic matter. Nitrogen was determined by the Dumas method, and 
sulfur by the Carius method. The difference represents mainly organic 
oxygen. The most striking features shown by the analysis are the high 
percentages of calcium and magnesium and low percentage of phosphate; 

, 

Published by permission of the Director of the U. S. Geological Survey. 



the calcium cannot be present as calcium phosphate or carbonate but 
must be mainly in an organic compound. 

Further tests to determine the identity of the organic material were made 
by decomposing it with hydrochloric acid. The resulting insoluble fatty 
acids were filtered off, dried, extracted with benzene, and the unsaturated 
and saturated acids separated by the Vanentrap methodm2 The saturated 
fatty acids probably include palmitic acid, myristic acid, and some acids of 
lower molecular weight. These conclusions are based on determinations 
of the melting points of the fractionated material. Three small fractions 
were separated by adding magnesium acetate to the alcoholic solution of 
the mixed acids. These fractions, freed from magnesium, had melting 
and solidifying points of 58 and 56", 5S.5 and 55O, and 57 and 55.5', 
respectively. The melting and solidifying points of the original saturated 
fatty acid material were 53 and 51"; those of material remaining from 
the fractionation 48 and 47". 

Stearic acid did not seem to be present, although Lexow3 states that  its 
glyceryl ester occurs in Norwegian herring oil, together with the esters of 
palmitic and myristic acids. On the other hand, Fryer and Weston4 state 
that the "stearine" ebtained from Japanese herring and other fishes is 
chiefly "palmitin." Tsujimoto5 isolated palmitic and myristic acids from 
fatty material obtained from the great herring a t  Hokkaido (Hokushu) but 
found the glyceryl ester of stearic acid present in relatively small quantities. 
Thus the range of saturated fatty acids recovered from the Mole Harbor 
material is about the same as that in glyceryl ester form in herring oil. 

The unsaturated fatty acid portion was amber colored, of an oil-like ap- 
pearance, and gave an iodine adsorption figure of 70 by the Wijs method. 
This figure is low compared with that of known herring oils. Lexow,' in 
120 Norwegian herring oils collected from different localities and a t  different 
seasons of the year, found a high average of 148 during August and a low 
average of 115 during March. 

A summary of the findings in the quantitative work is given in the follow- 
ing table. 

The non-saponifiable matter yielded a small quantity of the characteristic 
cholesterol precipitate with digitonin. This precipitate was converted to  
acetate, the melting point of which confirmed the presence of cholesterol. 
Because of lack of material the state of occurrence of the cholesterol was 
not determined. 

3 Holde. "The Examination of Hydrocarbon Oils and of Saponifiable Fats and 
Waxes," Trans. by E. MuelIer, John Wiley and Sons, Inc., New York, 1922, p. 371. 

Lexow, Chem. Umschau Fette, ole, nachse, Harze, 28, Part 7,85 (1921). 
4 Fryer and Weston, "Technical Handhook of Oils, Fats and Waxes," Cambridge 

Press, 1917, Vol. I ,  p. 101. 
Tsujinioto, J. Soc. Chem. Ind. Japan, 29, 195-202; CIzem. Abs., 20,2912 (1926). 

6 Lexow, Chem. Umschau Fette, 61e. Wachse, Harze, 29, Part 9, 110-113 (1922). 
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SUMMARY OF CHEMICAL SEPARATIONS ON SAMPLE FROM MOLE HARBOR 
Per cent. 

Loss on heating for one hour a t  105'. ............................. 5.90 
Organic matter extracted with benzene Unsaturated fatty acids.. . .  8.20 

after treatment of the sample with Saturated fatty acids.. .... 64.50 
hydrochloric acid Non-saponifiable matter. . .  0.60 

Protein calculated from nitrogen (N X 6.25). ...................... 2.80 
Inorganic matter, including sulfur and 2.72 NaCl.. . . . . . . . . . . . . . . . . .  10.27 
Undetermined, including possibly some carbohydrate substance and 

oxygen required by sulfur compounds, less replaceable hydrogen of 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  fatty acids (0.33). 7.73 

100.00 

The material insoluble in benzene was found on ignition to contain some 
organic matter. At the beginning of the ignition carbonization was noied, 
followed by the characteristic odor of burning protein. The material 
extracted with benzene gave no evidence of undecomposed glyceryl ester. 
Most of the fatty acids in the original sample must have been combined 
with the inorganic bases, though some free acids may have been present. 

Geochemical Features.-The well-known Engler-Hofer theory of the 
origin of petroleum from fatty materials in sediments7 seems to assume that 
the fatty substances are isolated in some way from the saline constituents 
of the water of the sediments during the stage of microbiochemical de- 
composition, so that calcium and magnesium compounds of the liberated 
fatty acids are not formed. According to this theory the fatty substances 
first change into free fatty acids and glycerin, either by hydrolysis or by 
microbiochemical-fermentation, or both. Eventually, the fatty acids are 
assumed to split off carbon dioxide and the hydrocarbons to polymerize into 
petroleum. It is impossible here to go into the many details of this theory. 
The present writers wish to emphasize a possibility not heretofore con- 
sidered-that calcium and magnesium salts may be formed even before or 
as the material is inclosed in sediments, and that such compounds deposited 
with the sediments can then yield petroleum under proper environmental 
conditions, whether by heat, base exchange or otherwise. 

The experiments described below were made to find out whether the 
material from Mole Harbor would show any marked disinclination to form 
oil upon thermal decomposition in sealed glass tubes. They indicate that 
such material requires but a slightly higher temperature than free fatty acid 
material to form oil. 

The free fatty acid, palmitic acid, some calcium palmitate and the 
herring residue from Mole Harbor were each subjected to successive heat 
treatments in sealed glass tubes during eighteen-hour intervals a t  200, 300 
and 350' and then finally for seven days a t  350°, and any effects that might 
indicate decomposition noted. 

"Das Erdol," Leipzig, 1909, I1 Band, 114-128. E. Engler, Petroleum Zeitschrift, 
7,399403 (1912); "Das Erdol und seine Verwandten," Braunschweig, 1922, p. 329. 



At 200' the palmitic acid and the herring residue darkened slightly and 
each of the materials melted into a mass that solidified on cooling. 

At 300' the palmitic acid darkened further in color and still solidified on 
cooling. The calcium palmitate and the herring residue remained ap- 
parently unchanged from the previous heat treatment. 

Under the initial heat treatment a t  3:30° for eighteen hours the palmitic 
acid yielded a still darker brownish product that remained fluid a t  ordinary 
room temperatures. The calcium palmitate and herring residue changed 
but slightly in color and gave but little appearance of having undergone 
any further decomposition. 

In the further hcating for sevcn days a t  350' all the materials yielded a 
greenish fluorescent petroleum-like product. The yield was similar in 
each experiment and appeared relatively high compared to the quantity 
of original material taken. When the tube which had held the calcium 
palmitate was opened considerable pressure was shown. The odor re- 
sembled gasolene. The residue consisted of carbonaceous matter, a little 
tiapthenic-like oil, and calcium carbonate. 

Summary 
This paper describes the analysis of calcium and magnesium salts of fatty 

acids derived from herring buried under sea water, and discusses some geo- 
chemical possibilities related to the origin of petroleum in sedimentary 
deposits. 

WASHINGTON. D. C. RECEIVED JULY 18, 1932 
PUBLISHED JANUARY 11, 1933 

The Preparation and Optical Resolution of Ammonium 
dl-Alpha-Bromocamphor-Pi-Sulfonate 

The preparation of many asymmetric acids and bases is necessary for 
a comprehensive study of optically isomeric salts.' Obviously those acids 
and bases whose racemic forms are capable of resolution and whose active 
forms are useful resolving agents are especially valuable. Also the racemic 
forms are as necessary for this type of study as the active forms. Bases 
suitable for resolution work and available in both the racemic and active 
forms are fairly numerous, but there are relatively few acids of this descrip- 
tion. Thus d-tartaric, 2-malic, d-camphor-10-sulfonic and d-a-bromo- 
camphor-n-sulfonic acids are the only ones that have been much used. 
The optical antipodes and the racemic forms of these, though known in 

(a) Ingersoll and White, THIS JOURNAL, 54,274 (1932) ; (b) Ingersoll and Burns, 
ibid., 54, 4712 (1932). 



most cases, are comparatively uncommon. Satisfactory niethods for 
preparing tlie rarer varieties of these and other suitable acids are therefore 
being studied. Thc preparation of dl-a-bromocamphor-n-sulfonic acid 
(as ammonium salt) and a simple method for resolving i t  into the pure d- 
and l-forms are described in this paper. 

d-a-Bromocamphor-n-sulfonic acid has found extensive use as a resolving 
agent since its advantages for this purpose were pointed out by Pope and 
P e a ~ h e y . ~  It is prepared by the sulfonation of d-a-bromocamphor derived 
from ordinary d-camphorg'* and is therefore readily accessible. The corre- 
sponding I-acid has been prepared similarly from 1-camph~r.~ Since the 
latter is usually not entirely pure and is difficult to obtain, the l-acid is 
somewhat rare. The dl-acid and its simple salts appear riot to have bee11 
completely described. I t  is said to be formed in traces when d-a-bromo- 
camphor is ~ulfonated,~ but in the few other instances in which this acid7 

or its  derivative^^,^ are mentioned in the literature, these appear to have 
been made only by mixing the active forms. 

The method of preparation described in the present paper is based upon 
the direct sulfonation of dl-a-bromocamphor derived from commercial 
dl-camphor. This apparently simple method has not previously been de- 
scribed, doubtless because the necessary dl-a-bromocamphor has not been 
available in sufficient amounts. A method for obtaining this intermediate 
in good yields and large amounts was therefore first developed. It was 
found that dl-camphor reacts with one mole of bromine to form a semi-solid 
mass. This appears to contain chiefly dl-a-bromocamphor and the iso- 
meric dl-a'-bromocamphor, together with dl-camphor and dl-a,a'-di- 
bromocamphor. The separation of crystalline dl-a-bromocamphor was 
a t  first troublesome because of its excessive solubility and the presence of 
the even more soluble by-products. However, i t  was found that most of 
the a'-compound was converted to the a-compound by heating the mixture 
and then crystallizing the a-compound from slightly alkaline alcohol a t  
- 10". This method of isomerizing the a'-compound was suggested by 
the experience of Marshlo and of Lowry" in the preparation of d-a-bromo- 
camphor from d-camphor, though in this case the less soluble active com- 
pound crystallized readily. HallerL2 has described the bromination product 

Pope and Peachey, J. Chem. Soc., 73,893 (1898). 
8 Kipping and Pope, ibid ., 67,356 (1895). 

Pope and Read, ibid., 97,2199 (1910). 
5 Pope and Harvey, ibid.,  79,74 (1901). 

Kipping, ibid., 79, 370 (1901). 
7 Pope and Gibson, ibid., 97,2207 (1910). 

Perkin and Robinson, ibid., 99,788 (1911). 
Pope and Read, ibid., 101,758 (1912). 

lo Marsh, J. Chem. Soc., 59,968 (1891). 
l1 Lowry, ibid., 89, 1033 (1906). 
lZ Haller, Compl. rend., 105, 66 (1887). 
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of dLcamphor as a "buttery mass." He was unable to crystallize this under 
any conditions, but did prepare a specinienofdl-a-bromocamphor, 111. p. 51 ", 
by mixing the active forms. His description of this compound was con- 
firmed. 

d2-a-Bromocamphor was sulfonated with chlorosulfonic acid and am- 
monium dl-a-bromocamphor-T-sulfonate isolated. Although the yield 
was somewhat low (30-35y0) i t  was not difficult to prepare large amounts 
of the pure salt. The optical resolution was then carried out. I n  a recent 
paper'b it was shown that the active forms of a-p-tolylethylamine can easily 
Ile prepared in good yields by resolving the dl-base with d-camphoric acid. 
When amrrionium dl-a-bronlocanlphor-7r-sulfonate is combined with the 
1-form of this base in dilute acetic acid, the lBlA salt and, in smaller 
amounts, the lBdA salt can be gotten pure from the solution. The am- 
monium salts of the corresponding acids were obtained from these salts in 
good yields. This method of resolution appears to be more satisfactory 
than that of Pope and Gibson. These workers resolved the dl-acid, whose 
source was not mentioned, by means of d-1,2-dihydropapaverine (d- 
pavine). This base had been obtained from synthetic dl-pavine by resolu- 
tion with d-a-bromocamphor-a-sulfonic acid. Although the resolution was 
apparently not difficult, the base employed is too rare for general use. 

Experimental 
Preparation of dl-a-Bromocamphor.-dl-Camphor (152 g.) was placed in a three- 

necked flask on a steam-bath and bromine (163 g.) was slowly added while the mixture 
was stirred.la It gradually liquefied and hydrogen bromide was evolved. Including 
two hours for adding the bromine, the mixture was heated for ten hours. While still 
warm it was then poured with stirring into two liters of water containing a few grams of 
sodium sulfite. The waxy solid, when broken up, filtered, washed with fresh water and 
air-dried, weighed 220-235 g. and was slightly brown. Many unsuccessful attempts 
were made to crystallize the substance from the usual organic solvents, in which it is very 
soluble. Finally it was found that a filtered solution in 95% ethanol (1 cc. per gram), 
when held at - 10' in the freezing chamber of an electric refrigerator and inoculated with 
crude or previously purified material, slowly deposited about half the material as a color- 
less, crystalline mass, m. p. 47-49". Recrystallization under similar conditions gave 
back about 80y0 of the first crop, m. p. 49-50°. On concentration the mother liquors 
gave some crystalline material, but principally a reddish-brown oil. The initial yield 
of crystalline product was considerably increased when the alcoholic solution of the crude 
product or the oil was made slightly alkaline with sodium hydroxide and warmed for a 
few minutes before cooling. Also the oily material from several runs, when distilled a t  
4 mni., was separated into a small forerun (chidy dl-camphor), a dark residue, and a 
main fraction boiling a t  108". This solidified, and then melted a t  44-46'. It con- 
tained 34.2% of bromine instead of 34.6y0 calculated for rnonobromocamphor, and when 
crystallized from alkaline alcohol gave back about half its weight as crystals, m. p. 
49-50'. By thus alternately distilling and crystallizing an average yield of 178 g. 
(77%) of crystals, melting a t  49' or higher. was obtained in five runs. 

Pure dl-a-bromocamphor separates from 95% ethanol in large, monoclinic hemi- 
niorphic crystals, melting a t  50.5-51 (corr.), in agreement with Haller's value. 

" Armstrong and Mathews, Chem. News, 37,4 (1878). 



Anal. Calcd. for CloH150Br: Br, 34.6. Found: Br, 34.4. 

Ammonium-dl-or-Bromocamphor-T-sulfonate-Pure dl-a-bromocamphor was sul- 
fonated in 230-g. lots with chlorosulfonic acid and converted to a solution containing the 
ammonium sulfonate. The procedure used by Kipping and Pope3 for the preparation of 
the corresponding dextro compound was followed. When the initially dark brown solu- 
tion was concentrated in stages the crude ammonium salt separated and was systemati- 
cally recrystallized. Much of the material remained as a sirupy residue and the yield of 
pure salt (100-115 g. or 3035%) is considerably lower than claimed for the dextro salt. 

The pure salt crystallizes from water as a dense crystalline mass or in thick trans- 
parent prisms and is anhydrous. I t  melts with decomposition a t  250-254'. The solu- 
bility is 15.9 g. per 100 g. of water at  25 O. This is smaller than that of the corresponding 
d-salt, which was found to be 20.6 g. a t  25 ". The crystal form is also different. 

AnaE. Calcd. for CIoHla04NSBr: N, 4.27; Br, 24.36. Found: N, 4.25; Br. 24.69. 

Resolution of Ammonium dl-a-Bromocamphor-T-su1fonate.-The ammonium 
salt (49.2 g.) was dissolved in 400 cc. of boiling water and 20.3 g. of l-a-p-tolylethyl- 
amine and 13 g. of glacial acetic acid were added. Upon cooling most of the salt sepa- 
rated as a colorless oil and then solidified. This was redissolved and the solution inocu- 
lated with a sample of the solid. The first fraction of crystals then obtained on cooling 
was levorotatory, but successive fractions were alternately dextro- and levorotatory. 
After some experimentation it was found that the less soluble lBlA salt tends to form 
large prisms on the bottom of the vessel while the lBdA salt forms needles filling the 
solution Also the salts differ more in solubility a t  50-80" than a t  lower temperatures. 
Hence when levorotatory fractions were recrystallized at  80 to 50' from about seven 
parts of water, after inoculation with the prisms, principally the ZBIA salt separated. 
The warm mother liquor, when decanted and cooled, then gave strongly dextrorotatory 
deposits. By judicious combination of fractions similar in appearance and rotation and 
inoculation with the appropriate crystals, there was soon obtained about 75y0 of the 
lBlA salt and 55% of the 1BdA. The intermediate fractions could be further separated 
but it was better to combine them with similar fractions from following runs The 
total yields of the salts in three runs were then 92 g. (89y0) and 80 g. (76y0), respectively. 

1-a-pTolylethylamine-1-a-bromocamphor-n-mlfonate forms coarse, hydrated 
prisms, solubility 2.10 g. per 100 g. of water a t  25'. The anhydrous salt melts a t  165" 
(corr.). 

Anal. Calcd. for Q9H2aO4NSBrH2O: Ha0,3.87. Found: H20,3.97. 

Rotation. Hydrated salt, 0.8445 g. made up to 50 cc. in water gave or2: -2.12 in 
2 dm.; [a]': -62.7'; M, -291" (lo2). 

l-a-p-Tolylethylamine-d-a-bromocamphor-~-sulfonate crystallizes initially in 
needles or narrow prisms. These change to irregular masses on standing in the solution 
for several days; both forms are the monohydrate. The needles lose their water on 
exposure to air for several days, and then melt a t  232' (corr.). The solubility (hydrated 
needles) is 2.96 g. per 100 g. of water at  25O. 

Anal. Calcd. for Q~HzsO~NSB~.H~O: HzO, 3.87. Found: H20, 3.80. 

Rotatzon. Subs., 1.2297 g. (anhydrous) made up to 50 cc. in water gave a': 
+3.0g0 in 2 dm.; [cY]',~ 4-59.4"; M, +265" (lo2). 

Ammonium 2-a-Bromocamphor-T-su1fonate.-The lBlA salt described above was 
treated with a slight excess of dilute barium hydroxide and the base distilled with steam. 
The barium was completely removed with ammonium carbonate and the Utered solution 
evaporated to obtain the 1-ammonium salt. This resembled the familiar d-salt, and its 
rotation, [or]2,6 -86.G0, agrees with the value of Pope and H a r v e ~ . ~  The yields of re- 
covered base and ammonium salt were nearly quantitative. 



Ammonium d-a-Bromocamphor-r-sulfonate was similarly obtained from the 
IBdA salt. The specific rotation was +85.g0. 

Summary 

1. A satisfactory method for preparing dl-a-bromocamphor from dl- 
camphor is described. 

2. Ami~ioniilm dl-a-bromocampl~or-T-sulfonate was prepared fro111 dl-or- 
bromocamphor, and this salt and its optical resolution by means of I-a- 
p-tolylethylamine are described. 

NASEIVII~LE, TENNESSEE RECEIVED JULY 18, 1932 
PUBLISHED JANUARY 11, 1933 

[CONTRIBUTION FROM THE CIXEMICAL LABORATORY O F  THE UNIVERSITY O F  ILLINOIS] 

Higher Alkyl Sulfonates 

Although alkyl esters of the aromatic sulfonic acids have long been 
known as alkylating agents, the real development of these reagents has 
been more recent and even now they are used only for the unusual alkyla- 
tion reactions. The alkyl halides and sulfates are the common reagents 
for introducing alkyl groups and are unquestionably the most useful re- 
agents for the lower molecular weight radicals. However, the higher alkyl 
halides (ten carbons or more) are somewhat sluggish in their alkylation 
reactions and the higher sulfates are not easily obtained. The work which 
is reported in this paper was undertaken in order to find a satisfactory 
method of preparing the higher aliphatic esters of the aromatic sulfonic 
acids, to study these esters as alkylating agents, and to compare the cor- 
responding esters of aliphatic sulfonic acids and aromatic sulfonic acids in 
simple alkylation reactions. 

It has been found that the method of preparing sulfonic acid esters from 
an alcohol, a sulfonyl chloride and pyridine can be extended to the alkyl 
esters of both aliphatic and aromatic sulfonic acids. Patterson and Frewl 
were apparently the first to use this general method. Ferns and Lapworth2 

pointed out the difficulty of obtaining ethyl and benzyl esters of sulfonic 
acids because they readily combined with pyridine to give water-soluble 
products which were evidently quaternary ammonium salts. However, 
this side reaction has not been found to be serious with the higher alkyl 
esters when they were prepared a t  OO. The yields of esters which were 
obtained varied from 60-80% of the theoretical amounts. 

Two series of esters, the fitoluenesulfonates and the p-bromobenzene- 
sulfonates, were prepared from the higher normal alcohols with an even 

Patterson and Frew, J. Cheriz. SOG., 89,332 (1906). 
Ferns and Lapworth. ibid., 101, 273 (1912). 



number of carbon atoms. These esters are solids which all melt below 
65' yet are easily purified by recrystallization from petroleum ether and 
seem to be of promise as derivatives for identification. 

A few experiments demonstrated the usefulness of the higher esters as 
alkylating agents. Lauryl and cetyl p-toluenesulfonates alkylated n- 
butylamine quite readily to give a mixture of the expected secondary and 
tertiary amines in yields which were almost identical with those obtained 
from n-butyl 9-toluenesulfonate in a similar reaction. Cetyl cyanide was 
obtained in 85% yield from cetyl p-toluenesulfonate and potassium cyanide 
whereas the butyl ester gave only a 46y0 yield of cyanide. Lauryl p- 
toluenesulfonate combined with pyridine to give a crystalline quaternary 
ammonium salt in excellent yields when the two reagents were warmed 
together. 

In order to compare the esters of aliphatic and aromatic sulfonic acids 
as alkylating agents, the reactions of n-butyl methanesulfonate and n-butyl 
p-toluenesulfonate with sodium phenolate, sodium acetate and aniline were 
studied. The yields of ether, ester and secondary amine, respectively, were 
practically the same with these two reagents. These experiments showed 
that the esters of the aliphatic sulfonic acids offer no advantage over the 
more readily available aromatic sulfonic acid esters. 

Experimental 
n-Butyl Methanesu1fonate.-A mixture of 14.8 g. of n-butyl alcohol and 22.9 g. of 

methanesulfonyl chloride was placed in a 500-cc., three-necked flask, equipped with 
a mechanical stirrer and a separatory funnel and cooled in an ice-salt bath to 0'. 
The stirrer was started and 31.6 g. of pyridine was added slowly over a period of three 
to four hours. An excess of dilute hydrochloric acid was added to the cold solution 
to remove the pyridine and the aqueous solution was extracted with ether. The ether 
solution was dried over anhydrous potassium carbonate, filtered and evaporated. The 
ester was distilled under reduced pressure. The yield was 24.2 g. (79.570 of the theo- 
retical amount) of a product boiling at  105-106' (6 mm.); d:' 1.1074; n2: 1.4319. 

Anal. Caicd. for CaHlzOaS: S, 21.07. Found: S, 20.86. 
n-Butyl pTo1uenesulfonate.-This ester was prepared in the same manner from 

14.8 g. of n-butyi alcohol, 41.9 g. of p-toluenesulfonyl chloride and 31.6 g. of pyridine. 
The yield was 39.3 g. (8670 of the theoretical amount) of a product boiling at  169' 
(4 mm.) ; 1.1319; nZ: 1.5085. 

Higher Alkyl pToluenesulfonates and pBromobenzenesulfonates.-The esters 
of the alcohols with ten or more carbons were solids and their preparation varied slightly 
from the above procedure. 

A solution of one equivalent of the alcohol in four equivalents of pyridine was 
cooled to below 20' and with stirring 1.1 equivalents of pure arylsulfonyl chloride 
was added in portions. The reaction mixture was stirred for about three hours after 
the addition was complete. The temperature of the reaction mixture was always 
held below 20". The reaction mixture was treated with a fairly large excess of cold 
dilute hydrochloric acid and the ester which separated was collected on a Biichner 
funnel. After drying in the air the ester was recrystallized from alcohol or better 
from petroleum-ether. Usually one recrystallization gave a constant melting product. 
The esters were prepared in 12-26 g. lots. 
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The esters prepared and the yields and melting points of the purified products are 
listed in Tables I and 11. 

TABLE I 
SOME ALKYL ESTERS OF p-TOLUENESULRONIC ACID 

Alkyl Analysis, % S 
group Yield, M. p., OC. Calcd. Found 

Lauryl 75 30 9 42 9.22 
Myristyl 66 35 8.70 8.49 
Cetyl 67 49 8.11 7.94 
Stearyl 57 56 7.55 7.59 

TABLE I1 

SOME ALKYL ES~ERS OF p-BROMOBBNZENESULRONIC ACID 
Alkyl Analysis, yo 13r 
group Yield, OJo M. p., OC. Calcd. Found 

Decyl 78 43-44 21.2 21.1 
Lauryl 66 49 19.7 20.0 
Myristyl 68 51.5 18.4 18.4 
Cetyl 60 60 17.3 17.3 
Stearyl 62 64-65 16.3 16.2 

Alkylation Experiments. (a) Pyridine 

n-Butyl Pyridinium pTo1uenesulfonate.-A mixture of 22.8 g. of n-butyl p-toluene- 
sulfonate and 7.9 g. of pyridine was heated in an oil-bath at  130-140" for two hours 
On cooling the mixture solidified and was recrystallized from a mixture of ethyl acetate 
and acetone. The yield of product was 27 g. (88% of the theoretical amount); m. p. 
114O. 

Anal. Calcd. for C I ~ H ~ I ~ X N S :  St 10.44. Found: S, 10.36. 
Lauryl Pyridinium p-Toluenesulfonate.-This quaternary ammonium salt was 

obtained in the same manner from 8 g. of lauryl #-toluenesulfonate and 1.9 g. of pyri- 
dine. The yield was 8.5 g (86% of the theoretical amount) of a product melting a t  
135-136" after recrystallization from acetone. 

Anal. Calcd. for C24H3703NS: S, 7.65. Found: S, 7.38. 

(b) n-Butylamine 

n-Butyllaurylarnine and n-Butyldilaury1amine.-A solution of 7.3 g. of n-butyl- 
amine and 34.1 g of lauryl p-toluenesulfonate in 50 cc. of dry toluene was refluxed for 
about six hours. The mixture was treated with a concentrated solution of aqueous 
sodium hydroxide and distilled with steam to remove the toluene and any remaining 
hutylamine. The residue in the distilling flask was extracted with ether, and the ether 
solution was dried over anhydrous potassium carbonate, filtered and evaporated. The 
residue was distilled under reduced pressure. There was thus obtained 11.9 g. (49% 
of the theoretical amount) of n-butyllaurylamine, b. p. 138-140' (6 mm.); d iO  0.8174; 
n2i? 1.4491; and 6.9 g. (44% of the theoretical amount) of n-butyldilaurylamine, b. p. 
224-226 (6 mm.) ; di"0.281; n22 1.4582. 

Anal.8 Calcd. for C16H36N: N, 5.81. Found: N, 5.77 Calcd. for C ~ ~ I I S S N :  
N, 3.42. Pound: N, 3.62. 

n-Butylcetylarnine and $2-Butyldicety1amine.-In exactly the same manner, 7.3 g .  
of n-butylamine and 39.4 g. of cetyl p-toluenesulfonate gave 15.1 g. (51% of the theo- 
retical amount) of n-butylcetylamine, b. p. 193-197" (6 mm.); m. p. 31-32'; and 8.7 g. 

These analyses were made by Mr. K. Eder. 



(33% of the theoretical amount) of n-butyldicetylamine, b. p. 295-297" (6 mm.); m. p. 
44-46 ". 

Anal.3 Calcd. for CnoHa?N: N, 4.71. Found: N, 4.58. Calcd. for C ~ ~ H , S N :  
N, 2.69. Found: N, 2.58. 

(c) Potassium Cyanide 

Cetyl Cyanide.-To a solution of 13 g. of potassium cyanide in 150 cc. of water 
was added 39.6 g. of cetyl p-toluenesulfonate. The solution was boiled under a reflux 
condenser for about six hours, and then cooled and extracted with ether. The ether 
was evaporated and the residue was distilled under reduced pressure. The yield was 
21.5 g. (86% of the theoretical amount) of cetyl cyanide which melted a t  26-2g0. The 
melting point of pure cetyl cyanide is given as 29.5-30°.4 

n-Butyl Cyanide.-The reaction between 12-butyl p-toluenesulfonate and potassium 
cyanide under similar conditions gave only 46% of the theoretical amount of n-butyl 
cyanide; b. p. 136-140'. 

Comparison of n-Butyl Methanesulfonate with n-Butyl p-Toluenesulfonate as a 
Butylating Reagent. (a) Phenol.-To a solution of 9.4 g. of phenol in 40 cc. of 10% 
sodium hydroxide was added 22.8 g. of n-butyl p-toluenesulfonate. The mixture was 
gently refluxed for about three hours, cooled and extracted with ether. The ether 
solution was dried over potassium carbonate, filtered and evaporated On distillation 
of the residue under reduced pressure. a yield of 11 g. (73% of the theoretical amount) 
of n-butyl phenyl ether was obtained, b. p 72-73" (6 mm.); d iO  0.9515; n? 1.5049. 

When 15.2 g. of n-butyl inethanesulfonate was substituted for the n-butyl p- 
toluenesulfonate in a similar experiment, the yield of ether was 12.2 g. (8lYo of the 
theoretical amount); b. p. 72-73' (6 nirn.); d i O  0.9516; n2z 1.5046. 

(b) Aniline.-A mixture of 9.3 g .  of aniline and 22.8 g. of n-butyl p-toluenesulfonate 
was heated in an oil-bath at  130-140' for about two hours. On cooling the mixture 
a white solid was obtained. Addition of excess concentrated aqueous sodium hy- 
droxide solution liberated the mixed amines. The amines were collected in ether, 
dried over potassium carbonate and distilled under reduced pressure. The yield of 
n-butylaniline was 9.6 g (6470 of the theoretical amount); b. p. 115-120' (15 mm.); 
d iO  0.9358; n2: 1.5381. 

Repetition of the experiment with the substitution of 15.2 g. of n-butyl methane- 
sulfonate for the p-toluenesulfonate gave 10.1 g. (68% of the theoretical amount; of 
n-butylaniline; b p. 112-114' (9 mm.); dgO 0.9362; n2: 1.5373. 

(c) Sodium Acetate.-A mixture of 13.6 g. of powdered sodium acetate 
(CHsC02Na 2H20) and 22.8 g. of n-butvl p-toluenesulfonatr was thoroughly mixed 
and heated to 130-140' in an oil-bath for about five hours. The mixture was then 
cooled, treated with 100 cc. of water and extracted with ether. On distillation 5 g .  
(60% of the theoretical amount) of n-butyl acetate was obtained; b. p. 123-125"; 
d i O  0.8797; n2z 1.3989 

I n  a similar run 15.2 g. of n-butyl methanesulfonate gave 7.3 g. (63% of the theo- 
retical amount) of I,-butyl acetate, b. p. 123-125O; d i O  0.8799; n2; 1.3990. 

Summary 

1. Some higher alkyl (CIO and above) esters of p-toluenesulfonic acid 
and p-bromobenzenesulfonic acid have been prepared. 

2. These esters have been found to be useful alkylating agents in such 
typical reactions as alkylation of an amine or the preparation of an alkyl 

4 Shriner, Fulton and Burks, THIS JOURNAL, 55 (1933). 
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cyanide. The yields of product are approximately the same or better 
than can be obtained from lower alkyl sulfonates in the same reaction. 

3. Comparison of n-butyl nlethanesulfonate with n-butyl p-toluene- 
snlfonate has shown that there is no advantage of an ester of an aliphatic 
sulfonic acid oxTer an ester of an arotnatic sulfonic acid for alkylation 
reactions. 

U ~ u a i i a ,  ILLINOIS 

[CO~~TKIRLTTI~N FROM THE RESEARCH LABORATORY O F  OROANIC CHEMISI'RY, 
MASSACHTJSETTS INSTITTJTE OF TECI-INOLOGP, NO. 841 

Studies in Organic Peroxides. I. Peroxides in the 
Camphoric Acid Series 

Introduction 

In connection with our general studies in auto-oxidation reactions1 and 
especially the catalytic effects produced by organic peroxides on these and 
other related reactions, we had occasion to synthesize and study the proper- 
ties of several new peroxides. The present communication describes the 
successful synthesis of some peroxides and peracids which are structurally 
related to camphoric acid. 

A careful search of the literature revealed that up to the present time no 
definite peroxides of the camphoric acid series have been p r e ~ a r e d . ~  We 
have obtained from camphoric anhydride and sodium peroxide a camphoric 
acid pesacid which has the peracid group attached to the secondary carbon 
atom. 

HzC-CH------ C-0-OH (ser.) 
/ I  

Me-C--Me 0 

IIzC--------- CMe-------- C00H (tert.) 

We have also prepared the methyl ester of this peracid by converting 
the tertiary monomethyl ester of camphoric acid to the acid chloride, to 
the ester peroxide and finally to the ester pe ra~ id .~  The possibility of 
making the isomeric acid peracid through its ester derivative was precluded 
by the fact that the secondary monomethyl ester yields the tertiary ester 
secondary acid ch lo r ide~hich  gives the same ester peracid obtained from 
the tertiary monomethyl ester of camphoric acid. This conclusion was 

(1) Milas, THIS JOURNAL, 52, 739 (19301, 53, 221 (1931), Chem Rew , 10, 295 (1932). 
(2) (a) Brodie, Proc. Roy Soc , (London) 9, 361 (1858), 12, 655 (1863), J. Chem Soc , 17, 263 

(1564), Ann. (Supplement), 9, 217 (1864), (b) Kingzett, J. Chem Soc , 45, 93 (1884); (c) Vanino and 
Thiele, Ber., 29, 1724 (1896). 

(3) Von Baeyer and Villiger, Ber , 33, 1675 (1900) 
(4) Quadrat-J-Khundd, J. Clzem. Soc., 208 (1930); Bredt, J. prakt Chem , 133, 87 (1932) 



verified experimentally. Experiments are being conducted with the 
monocholesteryl and monoergosteryl esters of camphoric acid to determine 
the effect of the size of the alcohol group on the migration from the second- 
ary to the tertiary carboxyl. 

Experimental Part 

d-Camphoric Acid Peracid.-To 200 cc. of water at 0' is added with vigorous 
stirring and cooling during fifteen minutes, 4.3 g. of sodium peroxide, and to this mix- 
ture is then added during one hour, 400 cc. of ethyl ether containing 10 g. of d-camphoric 
anhydride (freed from acid by shaking with saturated sodium bicarbonate solution). 
Stirring is continued for one hour longer, then the ether is removed and 200 cc. of fresh 
cold ether added. If the peracid is to be used for the estimation of unsaturation, chloro- 
form may be substituted for ether a t  this stage. The mixture is then acidified in the 
cold with 25 cc. of 6 N splfuric acid, transferred to a separatory funnel and violently 
shaken once or twice; the ether layer is separated, shaken with about 100 cc. of satu- 
rated ammonium sulfate solution to remove any free hydrogen peroxide present, and 
dried overnight a t  0' with anhydrous sodium sulfate. When the ether is removed a t  
room temperature and under reduced pressure, a highly viscous liquid is obtained 
having a purity of 87-92% peracid; yield, 6-8 g. A white solid is obtained from the 
viscous liquid by treating the latter several times with ice-cold low-boiling petroleum 
ether (freed from unsaturated hydrocarbons) and scratching the vessel with a glass rod. 
The peracid is &ally dried in a vacuum desiccator over concentrated sulfuric acid; 
m. p. 49-50' (in a sealed tube). 

Anal. Calcd. for CZOH~&)~:  C, 55.53; H, 7.46; active (0). 7.40. Found: C ,  
55.21; H, 7.45; active (O), 6.93, 7.16, 6.77. 

Camphoric acid peracid is soluble in water, and in dilute aqueous solution hydro- 
lyzes to yield camphoric acid and hydrogen peroxide. I t  is soluble in nearly all organic 
solvents and slightly soluble in petroleum ether. If kept a t  0 and in an atmosphere of 
dry air, it  retains its stability for several weeks. At room temperature camphoric acid 
peracid decomposes slowly to yield camphoric acid and oxygen, and when heated to 
80-100" this reaction proceeds explosively. Its sodium salt reacts in the cold with acid 
chlorides and anhydrides to give acyl peroxides. 

Dicamphoryl Peroxide.-To a mixture of 400 cc. of ethyl ether and 10 g. of d-cam- 
phoric anhydride is added slowly a t  0 with vigorous stirring, a mixture of 50 g of chopped 
ice and 2.15 g. of sodium peroxide. After stirring for three-quarters of an hour, the 
ether is replaced with 400 cc. of fresh ether and the aqueous layer carefully acidified with 
6 N sulfuric acid. The ether layer, which now contains the peroxide, is removed, dried 
with anhydrous sodium sulfate and the ether removed in vacuum. The solid which 
separates out consists of dicamphoryl peroxide and camphoric acid and to remove the 
latter the solid is extracted several times, each time with a few cc. of anhydrous ethyl 
ether, the mixture centrifuged and the Supernatant ether decanted. Finally the residue 
is recrystalhzed several times from an acetone-petroleum ether mixture (4 to 1) and the 
product dried in a vacuum desiccator over sulfuric acid; m. p. 142' with explosive de- 
composition; yield of the pure product, 3.4 g. 

Anal. Calcd. for CaoHsoOs: C, 60.28; H, 7.59; active (O), 4.02. Found: C, 60.34, 
60.14; H, 7.83,7.58; active (O), 4.00,3.92. 

The active oxygen was determined in acetone containing sodium iodide and acidiied 
with glacial acetic acid. This peroxide was also obtained in poor yields by the action of 
camphoric anhydride on the sodium salt of camphoric acid peracid. It is sparingly 
soluble in water, soluble in acetone and chloroform, somewhat soluble in ether and only 
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slightly soluble in benzene and petroleum ether. I t  explodes when heated in a flame, 
producing substances of terpene-like odor. 

Camphoryl Tert-monomethyl Ester Sec-chloride.-This chloride was obtained 
from the tert.-monomethyl ester,6 m. p. 85.4', and from the sec.-monomethyl ester,w 
m. p. 77'. by the action of phosphorus trichloride in 'ields of 90%. 

Anal. Calcd. for CllH1,OsC1: C1,15.42. Found: C1.15.60. 
Several attempts to distil this acid chloride, even at  very low pressures, resulted in 

its complete decomposition with the formation of camphoric anhydride, dimethyl ester 
of camphoric acid and hydrogen chloride. Upon hydrolysis it yields tert.-monomethyl 
ester d-camphoric acid.4 

Bis-[tert.-methyl Ester Sec.-camphoryl] Peroxide.-To 80 g. of finely chopped ice 
is slowly added with shaking 5 g. of sodium peroxide, and to this mixture is added slowly 
in one hour with continuous shaking 150 cc of cold ethereal solution containing 10 g. of 
tert.-methyl ester camphoryl chloride. The mixture is violently shaken for half an hour 
longer to cause the complete conversion of the acid chloride to the peroxide, the ether 
layer separated, dried by shaking several times with fresh anhydrous sodium sulfate 
and the ether removed by suction in the cold. The white solid residue is then recrys- 
tallized several times from warm low-boiling petroleum ether; m. p. 102"; yield of the 
pure product, 3.17 g. 

Anal. Calcd. for Cz2H3408: C, 61.96; H, 7.98; active (0), 3.75. Found: C, 61.52; 
H, 7.95; active (0)  in acetone, 3.52,3.18. 

The above preparation has been repeated using a sample of acid chloride obtained 
from sec.-monomethyl ester d-camphoric acid; the same peroxide has been obtained, 
m. p. 102 O. A mixed melting point with the peroxide obtained in the first case showed 
no depression. 

Sec.-methyl Perester Tert.-methyl Camphoric Ester.-This perester is prepared 
by adding slowly with vigorous stirring to an ice-cold aqueous solution containing the 
calculated amount of the barium salt of methyl hydropero~ide,~ 5 g. of tert.-methyl ester 
camphoryl chloride in 200 cc. of ethyl ether. The mixture is shaken a t  0" for fifteen min- 
utes longer, the ether layer separated, washed with a saturated solution of sodium hi- 
carbonate, dried with anhydrous sodium sulfate and the ether removed in vacuum; 
a sirupy liquid is obtained which failed to crystallize. 

Anal. Calcd. for C,sHzoOs: C, 58.99; H, 8.26. Found: C, 58.79; H, 8.50. 
Analysis for active oxygen in various solvents yielded rather unsatisfactory results 

which are in accord with observations of other investigators.h7 The perester on stand- 
ing a t  room temperature and in the presence of moisture hydrolyzes to yield methyl hy- 
droperoxide and the original monomethyl ester of camphoric acid. 

Tert.-methyl Ester Sec-camphoric Peracid.-To 3 g. of bis-[tert.-methyl ester 
sec.-camphoryl] peroxide in 20 cc. of ethyl ether is slowly added at  0" and with vigorous 
stirring the calculated amount of sodium methylate, and to this mixture is then added 
20 cc. of ice water, the mixture well shaken and the ether layer removed. The aqueous 
layer, which now contains the sodium salt of the peracid, is acidified in the cold with 6 N 
sulfuric acid and the peracid formed extracted with cold ethyl ether, the latter separated, 
dried over anhydrous sodium sulfate and removed from the peracid by suction a t  very 
low pressures. The residue, a highly viscous liquid (1.5 g.), showed distinctly the proper- 
ties of a peracid, but had a purity of only 50%. Its purity was increased by dissolving 
the original liquid in pentane, cooling the solution in ice, and subsequently centrifuging 

(6) (a) Walker, J. Chem. Soc., 61, 1088 (1892); (b) BrUhl and Brannschweig, Ber., 26,1806 (1892); 
(c) Haller and Blanc, Comfit. rend., 141, 697 (1906). 

(6) Rieche and Hitz, Bcr., 62, 2460 (1929). 
(7) Medwedew and Alexejewa, ibid., 66, 137 (1932). 



the suspension formed and rapidly removing i t  from the supernatant liquid. By re- 
peating this process several times, a product is obtained which has an  active oxygen 
content of 5.4495, corresponding to a purity of 78%. Other methods of purification re- 
sulted in the decomposition of the peracid. 

The authors take this opportunity to express their gratitude to Prof. 
James F. Norris for his interest and cooperation. 

Summary 
1. d-Camphoric acid peracid and related peracids and peroxides have 

been prepared and some of their properties studied. 
2. The identity of the acid chlorides obtained from the sec.- and tert.- 

monomethyl esters of camphoric acid has been confirmed by conversion 
into the same ester peroxide. 

CAMBRIDGE A, MASSACHUSETTS 

Studies in Organic Peroxides. 11. The Use of Camphoric 
Acid Peracid for the Estimation of Unsaturation 

One of the important reactions of the organic peracids is their reac- 
tivity with unsaturated groups, but more particularly with substances 
containing double bonds. This reaction has been studied by various 
investigators,' but cannot be generalized since it depends not only upon 
the reactivity of the unsaturated group which is usually governed by the 
adjacent groups attached to the latter,2 but also upon the activity of the 
peracid itself. Furoic peracid, for example, is far more reactive than 
benzoperacid or camphoric acid peracid, while phthalic acid peracid 
fails completely to add to many unsaturated  compound^.^ Although 
numerous abnormalities have been reported4 with benzoperacid and aceto- 

l (a) Prileschajew, Ber., 42, 4811 (1909). (b) Bergmann and co-workers, ibid., 
54, 440 (1921); 56, 2255 (1923); Ann., 432, 333 (1923). (c) Derx, Rec. trav. chim., 
41, 332 (1922); (d) Hibbert and Burt, THIS JOURNAL, 47, 2240 (1925); (e) Bauer and 
Kutscher, J. prakt. Chem., 122, 201 (1929); Nametkin and Briissov, ibid., 112, 169 
(1926); 115, 56 (1927). (f) Boeseken and co-workers, Rec. trav. chim., 44, 90 (1925); 
47, 683 (1928); 49, 95 (1930); J. prakt. Chem., 131, 285 (1931); ( g )  Pummerer and 
co-workers, Ber., 62, 1411 (1929). 

Meerwein and co-workers, J. prakt. Chem., 113, 9 (1926) ; Boeseken and Blum- 
berger, Rec. truer. chim., 45, 838 (1926); Charrier and Moggi, Gazz. chim. ital., 57, 736 
(1928); Smit, Rec. trav. chim., 49, 675, 691 (1930). 

Milas and McAlevy, unpublished results. 
Arbuzov and Mikhailov, J. prakt. Chem., 127, 1, 92 (1930); Bodendorf, Arch. 

Pharm., 268, 491 (1930). 
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peracid, these peracids are the only ones used extensively for the quantita- 
tive estimation of the double bond. 

The recent synthesis5 of camphoric acid peracid suggested its use as a 
reagent for the estimation of unsaturation and for the preparation of oxides 
and glycols from the corresponding ethylenic compounds. The present 
communication, therefore, deals with some of the quantitative results 
obtained with several unsaturated compounds chosen from various branches 
of organic chemistry. Because 
of i t s  comparative ease of 
preparation, camphoric acid 240 
peracid may prove a more de- 
sirable reagent than benzo- 
peracid. 

The stability of camphoric 
acid peracid and that of benzo- 3 
peracid has been determined 
quantitatively in chloroform 140 

solution a t  0' and a t  25' and 2 
the results are plotted in Fig. I .  '2 120 
Both peracids were prepared a t  $100 
the same time and their chloro- .;t 
form solutions dried with an- 
hydrous sodium sulfate to ex- 
actly the same extent, e. g., 
shaken twice each time with 
fresh anhydrous sodium sul- 20 

fate, then allowed to stand 
over this reagent for twenty- o 2 4 6 8 10 12 14 16 18 

four hours a t  0'. Each soh- Time in days. 

tion was then filtered and di- Fig. 1.-The stability of benzoperacid and carn- 
vided into two portions, one phoric acid peracid in chloroform: Curve 1, benzo- 
kept a t  0' and the other a t  25 peracid in chloroform at 0 ; Curve 2, camphoric 

determine the concentra- acid peracid in chloroform a t  0' ;  Curve 3, cam- 
phoric acid peracid in chloroform a t  25"; Curve 4, 

tion of peracid in each solution, benzoperaeid in chloroform at 250. 
1-cc. portions were pipetted - A 

from time to time and titrated in the usual manner against standard 
sodium thiosulfate solution. The concentration of each peracid expressed 
in millimoles per liter of chloroform solution is plotted in Fig. 1 against time. 
The results seem to indicate clearly that camphoric acid peracid is slightly 
more stable a t  0' but decidedly more stable a t  25' than benzoperacid. 

Quantitative Estimation of Unsaturation.-All unsaturated substances used in 
this investigation were of the purest quality obtainable and in cases of doubtful purity 

- - 

Milas and McAlevy, THIS JOURNAL, 55,349 (1933). 



each compound was carefully purified and its constants determined. The procedure 
adopted for the determination of unsaturation consists in mixing a weighed amount of 
the unsaturated substance with an excess amount of peracid in chloroform solution and 
allowing the mixture to stand a t  room temperature for one-half hour; the excess per- 
acid is then titrated in the usual manner The results are given in Table I in which 
the theoretical and observed values are expressed in moles of camphoric acid peracid 
required and moles actually used It may be seen from this table that camphoric 
acid peracid could be successfully used with several substances for the quantitative 
estimation of unsaturation Similar exceptions to those recorded in this table have 
been observed by Boeseken2 and others with benzoperacid and acetoperacid. 

TABLE I 
THE USE OF CAMPHORIC ACID PERACID FOR THE ESTIMATION OF UNSATURATION 

No. of Moles of 
double peracid 

Substance bonds consumed' Remarks 

Anethole 1 0.983 
Isosafrole 1 .979 
Isoeugenol 1 .981 
Citronellol 1 .983 
Cholesterol 1 ,980 
Ergosterol 3 2.994 
Limonene 2 1.957 
d-Pinene 1 1.010 
Nonene 1 0.947 
2,4-Dimethylpentene-2 1 .972 
2,CHexadiene 2 ,923 Only one C=C reacted 
2.4-Hexadiene 2 .993 34 hours a t  0 
Oleic acid 1 .997 34 hours a t  0 
Linoleic acid 2 2.026 34 hours a t  0° 
Cinnamic acid 1 . . . No measurable amount in one hour 
Cinnamic aldehyde 1 0.57 34 hours a t  0' 
Abietic acid 1 .84 34 hours a t  0 
Crotonic acid 1 .15 5 hours a t  room temperature 
Xlesityl oxide 1 .49 5 hours a t  room temperature 

a Average of a t  least two determinations 

Isolation of Products Formed by the Interaction of Camphoric Acid Peracid with 
Unsaturated Compounds. d-Pinene Oxide.-Five grams of d-pinene was mixed with a 
large excess of carnphoric acid peracid in chloroform and the mixture was allowed to 
stand a t  0" for three days I t  was then shaken with a 10% solution of sodium hy- 
droxide to remove the unused peracid and camphoric acid, and finally washed with 
water and dried over anhydrous sodium sulfate for twenty-four hours. The chloroform 
solution was then removed by distillation and the remaining liquid subjected to frac- 
tional distillation under reduced pressure; the fraction distilling a t  102-103" (50 mm ) 
was collected and its physical constants determined. 

TABLE I1 
PHYSICAL CONSTANTS OF THE PRODUCT BOXLING AT 102-103° (50 MM.) 

Pinene oxidels 
(Prileschajew) Our product 

B. p. (50 rnm.) 102-103 102-103 " 
a:! 0.9689 0.9675 
nl," 1 .4708 1.4740 



Jan., 1933 SODIUM AMALGAM ON AROMA~IC YINACOLS 355 

Cholesterol Oxide.-Eight-tenths of a gram of cholesterol (Eastman Kodak 
c. P. product) was mixed with a large excess of camphoric acid peracid in 200 cc. of 
chloroform and the mixture allowed to stand at  0' for five days. The mixture was 
then shaken twice, each time with 200 cc. of 1 N sodium hydroxide solution, then with 
water and dried over calcium chloride. It was filtered and the chloroform removed 
by distillation. The residue, a white solid (m. p. 125-130°), was recrystallized three 
times from ethyl acetzte, giving a constant melting point of 141-142'. Westphalen6 
gives a melting point of 140-141 for cholesterol oxide. 

Hydrolysis of Cholesterol Oxide.-To prove definitely that our product was the 
oxide, 0.4 g. of the latter was heated with 4 cc. of water in a sealed tube a t  115' for 
twelve hours. The resulting white solid was recrystallized twice from ethyl alcohol, 
tn. p. 239.3'. The melting point of cholestantriol has been reported by Pickard and 
Yates7 and by Westphalen6 to be 239'. 

Summary 

1. The stability of camphoric acid peracid and benzoperacid, in chloro- 
form, has been measured at O0 and at 2 5 O .  

2 .  At 25' camphoric acid peracid is more stable, in chloroform solution, 
than bemoperacid, while at  00 the difference in stability is not significant. 

3. Camphoric acid peracid was found to add quantitatively to certain 
types of unsaturated substances. 

4. Pinene and cholesterol oxides have been definitely isolated from 
the interaction of camphoric acid peracid and d-pinene and cholesterol. 

Westphalen, Ber., 48, 1064 (1915). 
Pickard and Yates. J. Chem. Soc., 93, 1684 (1908). 

CAMBRIDGE A, MASSACHUSETTS RECEIVED JULY 20, 1932 
PUBLISHED JANUARY 11, 1933 

[CONTRIBUTION FROM THE CHEMISTRY LABORATORY OF THE UNIVERSITY O F  MICHIGAN] 

The Action of Sodium Alcoholate and of Sodium Amalgam on 
Aromatic Pinacols 

Reaction of Pinacols with Sodium Alcoholate.-According to Schlenk 
and Thall sodium ketyl radicals are formed when a suspension of benzo- 
pinacol in alcohol is treated with a concentrated alcoholic solution of 
sodium alcoholate. We found, in agreement with Schlenk and Thal, that 
the deep blue color of the ketyl is produced in the reaction, but we ob- 
served further that the color disappeared completely after a short time. 
At first this disappearance of color was attributed to oxidation of the ketyl 
by oxygen of the air. That this was not the case was definitely proved 
when the same disappearance of color occurred when air was excluded. 
Hydrolysis of the colorless solution gave a mixture of equal parts of benzo- 
phenone and benzohydrol. 

Schlenk and Thal, Ber , 46,2841 (1913)- 



An insight into the mechanism of the reaction was gained by the ob- 
servation that a small amount (1% by moles) of sodium alcoholate suffices 
to produce exactly the same phenomena: formation of the blue color 
followed by disappearance of the color; moreover, it was found that all of 
the pinacol was converted to ketone and hydrol by this small amount of 
sodium alcoholate. The mechanism of the reaction is considered to be the 
following: sodium pinacolate is formed which partly dissociates into 
sodium ketyl radicals; the radicals so formed then react with unchanged 
pinacol or with alcohol 

(CaH6)zC-OH CzH50Na (C~HK)ZC-ON~ 
___j_ I + ~(C~HK)ZC-ON~ (1) 

( 4 H 5 ) , b O H  (C6H5)2C-ONa 
(CBHK)ZC-OH (CBH~)ZC-ON~ 

~(CEHK)ZC-ON~ + I ~(C~HF, &-OH + 
(GH6)zC-OH J I 

(C~HI)ZC-ON~ 
(2) 

(C~H~)ZCO + (CeH6)zCHOH (3) 

The products are diphenylhydroxymethyl and sodium pinacolate. The 
diphenylhydroxymethyl immediately disproportionates into benzophenone 
and benzohydrol; the sodium pinacolate can dissociate into ketyls which in 
turn can react with more pinacol. This mechanism satisfactorily accounts 
for the production and the disappearance of the color as well as for the 
products of the reaction. Moreover, it is clear that only a small amount 
of sodium alcoholate is necessary; as soon as a small amount of sodium 
pinacolate is produced, decomposition of the remaining pinacol is assured. 

If this mechanism is correct, then according to Equation 2 a small 
amount of ketyl should be capable of promoting the decomposition of a 
large amount of pinacol. Such was found to be the case. When a small 
amount of ketyl was added to a solution of benzopinacol, the blue color 
remained for a time, then disappeared, and it was found that all of the 
pinacol had been converted to a mixture of ketone and hydrol. From this 
i t  follows that benzopinacol will be decomposed into a mixture of ketone 
and hydrol by the addition of a small amount of any sodium compound 
which is capable of replacing the hydrogen of the hydroxyl group by 
sodium. 

It is not unlikely that the following reaction takes place in addition or in 
some cases exclusively: only one hydrogen is replaced by sodium and the 
mono-sodium pinacolate which results undergoes cleavage either with or 
without the intermediate formation of free radicals 

Support for this mechanism is found in the fact that the quantity of color 
seems less than that which would be expected if all of the pinacol passed 
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through the ketyl stage. This second formulation would account for the 
results obtained with asymmetrical pinacols. When as-diphenyldianisyl- 
glycol reacts with sodium alcoholate the products are benzohydrol and 
dianisyl ketone exclusively 

If the reaction proceeded according to the first formulation, one should 
expect the products to be benzophenone, benzohydrol, dianisyl ketone and 
dianisylcarbinol. 

Reaction of Pinacols with Sodium Amalgam.-Linnemann,2 the dis- 
coverer of benzopinacol, reported that benzopinacol is converted to benzo- 
hydrol when its alcoholic solution is treated with sodium amalgam and he 
formulated the reaction as CZ6Hz202 + H2 = 2CI3Hl20. Thorner and 
Zincke3 did not believe that the pinacol was reduced directly to the hydrol 
in this manner; they considered that reduction to hydrol occurred only 
after previous cleavage of the pi'nacol into a mixture of ketone and hydrol. 
More recently, Schlenk and Weicke14 reported that an entirely different 
reaction takes place. According to these investigators, hydrogen is 
evolved and the product is sodium ketyl (CoH5)ZC-ONa. If this reaction 
is correct, then hydrolysis would give a mixture of benzophenone and 
benzohydrol and not benzohydrol alone as Linnemann had reported. 
We have now found that in the reaction between benzopinacol and sodium 
amalgam (1.5%) in a mixture of anhydrous ether and benzene, no hy- 
drogen is evolved; the solution becomes dark blue but after a short time 
nearly colorless; hydrolysis gives benzohydrol in nearly quantitative yield. 
Several reactions seem to be involved. In the first place, the reaction may 
be assumed to proceed as follows 

(CeH6)zC-OH Na (C6HE.)&-ONa 
I + 

(CeH5)2C--OH 
I 

(CaH6)zC-ONa 

t J. Hz 
~(C~HF,)~C-ON~ + ~ ( C B H ~ ) ~ C H O N ~  

(6) 

We believe that very little of this reaction takes place. Instead, as soon as 
a small amount of sodium pinacolate or sodium benzohydrolate is formed, 
decomposition of the pinacol rapidly takes place; the mixture of benzo- 
phenone and benzohydrol so produced then reacts with the amalgam and 
gives benzohydrol. In  support of this view it was found that if the reaction 
is interrupted before reduction is complete, there is obtained a mixture of 
pinacol, benzophenone and benzohydrol. Moreover, separate experiments 
showed that a mixture of equal parts of benzophenone and benzohydrol in 

Linnemann. Ann., 133,28 (1865). 
Thorner and Zincke, Ber., 10, 1474 (1877). 

* Schlenk and Weickel, ibid., 44, 1184 (1911). 



ether and benzene reacts rapidly with sodium amalgam and gives benzo- 
hydrol; during the reduction the solution becomes dark blue in color and 
this color disappears when the reduction is complete. In all respects this 
reaction is like the reaction of the pinacol with amalgam. The deep blue 
color indicates that the reduction proceeds through the intermediate forma- 
tion of sodium ketyl radicals and the reactions that occur are best expressed 
by the formulation 

(C6Hs)zC-ONa 
2(CaH5)2C=O f 2Na -+ 2(CaH5)aC-ONa (7) 

(Ce~5)z&-0~a 

2(C6Ha)zC--ONa f 3(CsHs)zCHOH ---f 2(CaHs)nC--OH f 2(C6Hs)zCHONa (8 )  

It is possible that the ketyl is reduced to some extent by the hydrogen 
liberated by the action of the amalgam on the benzohydrol although experi- 
ment showed that the amalgam and hydrol react very slowly with each 
other. Forty per cent. sodium amalgam reacts with benzopinacol in a 
similar manner without liberation of hydrogen; the product is nearly pure 
benzohydrol. 

Not only benzopinacol but also substituted benzopinacols react with 
sodium alcoholate and with sodium amalgam. In each case the solution 
assumes the color characteristic of the ketyl corresponding to the ketone. 
In  the following table are presented the results obtained by treating a 
number of pinacols with sodium dcoholate and with sodium amalgam. 

Pinacol 

Benzopinacol 
4,4'-Diphenylbenzopinacol 
4,4',4",4"'-Tetraphenylbeii- 

zopinacol 
Fluorenopinacol 
4,4',4",4"'-Tetramethylben- 

zopinacol 
as-Diphenyldianisylglycol 

.COHOLATE AND SODIUM AMALGAM ON PINACOLS 

Sodium ethylate Sodium amalgam 
Color of Yield, % Color of Yield, yo 
solution Ketone Hydro1 solutio~~ hydrol 

Blue 50 50 Blue 98 
Green 50 50 Green 95 

Green 50 50 Green 98 
Brown-green 50 50 13rowti-green 95 

Blue 95 
Blue 50 50 

Experimental 
Benzopinacol (1 Mole) + Sodium Ethylate (0.1. Mole).-Although the reaction 

between benzopinacol and sodium ethylate takes place in alcoholic solutioti, the rate of 
reaction is slow because the pinacol is not very soluble in alcohol. As a rule a mixture of 
equal volumes of anhydrous ether and benzene was used. In  all experiments air was 
excluded; this was usually accomplished by having the mixture completely fill the 
flask. The rate of reaction depends upon the concentration of sodiuni ethylate. When 
0.01 mole of sodium ethylate was used for each mole of pinacol about two hours was re- 
quired for decotnposition of twenty grams of pinacol This titne was shortened to a few 
minutes when 0.1 mole of alcoholate was used. 



To 1 cc. of absolute alcohol contained in a 150-cc. Erlenmeyer flask was added 0.12 g. 
of sodiuni. The sodium alcoholate was dissolved in ether and benzene, 20 g. of benzo- 
pinacol was added, and the flask was then filled with solvent, stoppered and shaken. 
Almost immediately the solution became green and then dark blue in color; the large 
amount of solid pinacol disappeared; after a few minutes the color became lighter and 
after ten minutes the solution was colorless. Hydrolysis with dilute acid gave an oil 
which consisted of equivalent quantities of benzophenone and benzohydrol. It is diffi- 
cult to separate this mixture quantitatively into its two components. The proportion of 
benzophenone in the mixture was determined by treating a portion of the oil with 
phenylhydrazine and estimating the amount of benzophenone-phenylhydrazone that  
was formed. In another portion the amount of benzohydrol was estimated in the form 
of the urethan formed with phenyl isocyanate. 

Experiments with a number of alcoholates were carried out in a similar manner. 
Sodium methylate, sodium isopropylate, sodium benzohydrolate, potassium ethylate 
and lithium methylate induced decomposition of the pinacol. Neither magnesium 
methylate nor calcium methylate reacted with benzopinacol. The magnesium methyl- 
ate was prepared by allowing 0.03 g. of magnesium ribbon to react with 1 cc. of methyl 
alcohol; the alcoholate was dissolved in 30 cc. of ether and benzene and 1 g .  of benzo- 
pinacol was added. No color developed in the course of twenty-four hours and the 
pinacol was recovered practically unchanged. In like manner no reaction occurred 
when 1 g. of benzopinacol was shaken for twenty-four hours with a solution of calcium 
methylate which had been prepared from 0.05 g. of calcium and 1 cc. of methyl alcohol in 
ether and benzene. 

It is now easy to interpret the results that have been reported in the past on the 
behavior of pinacols in the presence of alkali. Thus, Thorner and Zincke found that 
benzopinacol is cleaved into a mixture of ketone and hydro1 by the action of a boiling 
alcoholic solution of potassium hydroxide. We found that the reaction between benzo- 
pinacol and an alcoholic solution of potassium hydroxide takes place readily a t  room 
temperature; in the reaction the blue color of the ketyl radicals is visible. Cohen5 

observed that complete decomposition of pinacol occurred even when small amounts of 
alcoholic potassium hydroxide were employed. A number of investigators have fol- 
lowed the directions of Thorner and Zincke; of these only Montagne and Koopa16 re- 
port that colors are visible during the reaction. They report that benzopinacol gave a 
feeble blue color only when it was heated with an alcoholic solution of potassium hy- 
droxide; tetrachlorobenzopinacol gave a blue color even a t  room temperature and this 
color disappeared on shaking the solution and then reappeared. Their failure to obtain 
a color with benzopinacol a t  room temperature as well as the loss of color on shaking the 
solution are attributed to oxidation of the ketyl radicals by oxygen of the air. 

Benzopinacol + Sodium Kety1.-A solution of 0.1 g of benzophenone in 20 cc. of 
ether and benzene was shaken with a small amount of 40% sodium amalgam which was 
wrapped in a piece of filter paper. As soon as the solution showed the blue color of the 
sodium ketyl, the amalgam was withdrawn and 1.0 g. of benzopinacol was introduced. 
The blue color remained as long as pinacol was present. After five minutes the colorless 
solution was hydrolyzed; it was found that all of the pinacol was converted to a mixture 
of benzophenone and benzohydrol. 

Substituted Pinacols + Sodium Ethylate.-A stock solution of sodium ethylate 
was prepared by dissolving the alcoholate from 0.23 g. of sodium and 5 cc. of alcohol in a 
mixture of ether and benzene to make 100 cc. of solution. Enough of this solution was 
used for 1 g. of pinacol to correspond to 0.1 mole of alcoholate per mole of pinacol. 

Cohen, Rec. trav. chim., 38,72, 113 (1919). 
Montagne and Koopal, ibid., 29, 148 (1910). 



One grain of pinacol was suspended in 30 cc. of ether and benzene mixture in a test- 
tube and the sodium ethylate solution (3-5 cc.) was added. The solution became col- 
ored as soon as the mixture was shaken; as a rule the color disappeared after a few min- 
utes. I n  most cases the mixture of ketone and hydrol was resolved into the two com- 
ponents by making use of the differences in solubilities of the two compounds. The 
yields of pure ketone and of pure hydrol which were isolated always corresponded to more 
than 90% of that theoretically possible. 

The mixture of 4-phenylbenzophenone and 4-phenylbenzohydrol was separated by 
recrystallization from n-propyl alcohol; the ketone crystallizes out while the more sol- 
uble hydrol can be isolated from the liquid. 4,4'-Diphenylbenzohydrol can be easily 
separated frotn the corresponding ketone by warming the mixture with enough n-propyl 
alcohol to  dissolve the hydro1 (6 cc. per gram) ; the ketone is practically insoluble in the 
hot alcohol. 

Fluorenone is readily separated from fluorenol by dissolving the mixture of the two 
in hot benzene; on cooling, fluorenol crystallizes out in the form of the insoluble addition 
con~pound with benzene. The mixture of benzohydrol and 4,4'-dimethoxybenzophenone 
which was obtained from as-diphenyldianisylgIyc01 was treated with 10 cc. of 80% 
alcohol; this solution dissolves all of the hydrol but only a trace of the ketone. I n  this 
manner from 1 g. of pinacol there was obtained 0.55 g. (96%) of 4,4'-dimethoxybenzo- 
phenone and 0.45 g. (96%) of benzohydrol. Erdmann7 reported that  as-diphenyldi-p- 
tolylglycol was decomposed into a mixture of benzohydrol and di-p-tolyl ketone when it  
was heated with an alcoholic solution of potassium hydroxide. 

When xanthopinacol was treated with a solution of sodium ethylate the solution 
became intensely blue in color. From the mixture xanthone but not xanthydrol was 
isolated in a pure state. 

Benzopinacol + Sodium Amalgam (IS%).-Three grams of benzopiuacol was 
shaken with 65 g. of 1.5y0 sodium amalgam in a mixture of 30 cc. of ether and 30 cc. of 
benzene. I n  a short time the mixture was dark blue in color. After one-half hour most 
of the color had disappeared; after two hours the solution was nearly colorless. Hy- 
drolysis gave 2.95 g. (98%) of pure benzohydrol. It was found that the greater part of 
the reaction is over in a short time. Thus, in one experiment the mixture though still 
colored was hydrolyzed after fifteen minutes of shaking and there was obtained a 95% 
yield of benzohydrol. 

The substituted pinacols were allowed to react with sodium amalgam in the same 
manner. As a rule the mixture was hydrolyzed after being shaken for two hours. 
The results of these experiments are recorded in Table I. 

Benzophenone + Benzohydrol + Sodium Amalgam (1.5yo).-Sixty-five grams of 
1.5% sodium amalgam was added to a solution of 1.50 g. of benzophenone and 1.52 g. 
of benzohydrol in 60 cc. of ether and benzene. After less than a minute of shaking the 
solution was blue in color; after one-half hour most of the color had disappeared and 
after two hours the solution was nearly colorless. Hydrolysis gave 2.90 g. (97%) of ben- 
zohydrol. In  another experiment the solution was hydrolyzed after fifteen minutes of 
shaking; the yield of benzohydrol was nearly quantitative. 

Benzopinacol f Sodium Amalgam (40yo).-One gram of benzopinacol was added to 
2.5 g .  of 40% sodium amalgam in 15 cc. of ether and 15 cc. of benzene in a test-tube. 
On being shaken the mixture became dark blue in color; no hydrogen was evolved. 
After five minutes the blue color changed t o  violet and after ten minutes to  violet-red. 
Hydrolysis gave a 94% yield of benzohydrol. Although the solution had the violet-red 
color characteristic of benzophenone-disodium (C6H6)2CNaONa, only a trace of this 
compound was present. This was shown by passing carbon dioxide into the solution 

7 Erdmann, Thesis, Rostock, 1910. 
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prior to hydrolysis; only a trace of benzilic acid was formed. Other pinacols were con- 
verted to hydrols by 40% sodium amalgam in the same manner. 

When a solution of 0.50 g. of benzophenone and 0.51 g. of benzohydrol was shaken 
with 2.5 g. of 40% sodium amalgam in a mixture of ether and benzene, no hydrogen was 
evolved; the solution became dark blue and later violet red in color. Hydrolysis after 
fifteen minutes gave a 95% yield of benzohydrol. 

The forniation of the violet-red color was an indication that benzophenone is con- 
verted to benzophenone-disodm by 40% sodium amalgam. This was surprising in 
view of the work of Schlenk and Bergmann? who showed that mercury removes one so- 
dium from benzophe~ionc-disodium and gives sodium ketyl. We find that  a small 
amount of mercury removes little or no sodium and consequently 40% sodium amalgam 
can be used to prepare disodium derivatives of ketones. We have prepared a number of 
disodiurn derivatives by this method; in one instance, fluorenone, the disodium deriva- 
tive is formed when 1% amalgam is used. The amalgam has certain advantages over 
the free metal and the method promises to be a convenient way of making these deriva- 
tives. Details of these experiments will be published in a future communication. 

Summary 
Benzopinacol and substituted benzopinacols are converted by a small . 

amount of sodium alcoholate into a mixture of equivalent parts of ketone 
and hydrol. Free ketyl radicals are formed as intermediate products; these 
radicals are then converted by unreacted pinacol into the ketone and hydrol. 

The pinacols are reduced quantitatively to hydrols by sodium amalgam 
in anhydrous ether-benzene solutions. This reaction, likewise, takes place 
through the intermediate formation of free ketyl radicals. 

Schlenk and Bergmann, Ann., 463, 1 (1928). 
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[CONTRIBUTION FROM THE SCHOOL OF CHEMISTRY AND PHYSICS OF THE PENNSYI,VANIA 
STATE COLLEGE] 

Tertiary Aliphatic Alcohols and Chlorides Containing Normal 
Butyl Groups 

BY FRANK C. WHITMORE AND E. MILTON WOOD BURN^ 

While most alcohols are capable of rearrangement,2 those which show 
1 this tendency to the greatest degree contain the grouping, R,CCOH. 

r I 

Tertiary alcohols and their halides are needed for the preparation of these 
substances. To make such tertiary alcohols available for this work and 
to gain experience in handling them, this research was undertaken. The 
alcohols studied contain only normal aliphatic groups, including in each 
case a t  least one n-butyl group but no groups higher than butyl. All ten 
alcohols of this type were made and their boiling points, densities and 

1 Presented in partial fulfilment of the requirements for the Ph.D. degree. This 
study was completed in July, 1930. 

2 Whitmore, THIS JOURNAL. 54, 3274, 3431 (1932). 
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refractive indices were determined under comparable conditions. Of 
the ten alcohols, seven have been mentioned in the literature but no ade- 
quate studies have been made with most of them. Of the ten chlorides 
only one, 2-chloro-2-methylhexane, has been de~cribed.~ It was made 
from the carbinol by the action of hydrogen chloride or acetyl chloride. 

In a few cases olefins were obtained from the carbinols or their chlorides. 
Preliminary studies were made on the action of bromine with some of the 
alcohols and on the hydrolysis of the resulting dibr~mides.~ 

Experimental 

Preparation of the Alcohols.-All of the alcohols were made by the action 
of suitable Grignard reagents and carbonyl compounds.These methods 
are summarized in Table I. The alcohols were fractionated through effec- 
tive  column^.^ The higher ones were distilled under reduced pressure. 

TABLE I 
Yield 

Carbinol Literature preparation Yield, % Present method % g 

MelBu BuCOzEt + MeMgBr 
MezCO + BuMgBr 92 MezCO f BuMgBra 40 560 

MeEtBu MeBuCO + EtMgI 
MeEtCO + BuMgBr 62 MeEtCO + B U M ~ B ~ ~  71 480 

MePrBu MeBuCO + PrMgI MePrCO + BuMgBrc 68 340 
MeBu2 PhzCHOAc -+ BuMgI AcOEt + BuMgBr 65 950 
Et2Bu EtzCO f BuMgBr BuCOtEt + EtMgCl 30 30 
EtPrBu EtPrCO + B U M ~ B ~ ~  52 130 
EtBu2 EtCOzMe + BuMgBr 33 110 
Pr2Bu BuC02&fe f PrMgBr 37 90 
PrBul YrCO2Me + BuhIgBr 70 250 
Bus BuzCO + BuMgBr Et2C03 + BuMgBre 80 280 

" A large by-product, b. p. 100-125", was obtained. 
By-products of b. p. 105-108" and 119-121'. 

" The methyl propyi ketone was first made from acetoacetic ester ("Organic 
Syntheses," 1928, Vol. VIII, p. 36). As only a 20y0 yield was obtained, the ketone 
was then made by dehydrogenating (brass catalyst a t  375") methylpropylcarbinol made 
from methylmagnesium chloride and n-butyraldehyde (from commercial "Butalyde" 
supplied by the Commercial Solvents Corporation). The boiling points (at 740 mm ) 
of the carbinol and ketone used were 118-119' and 100.0-101.5°. 

Ethyl propyl ketone, b. p. 122-123" (730 mm.), was prepared in 70% yield by 
dehydrogenating ethylpropylcarbinol, b. p. 132-134" (730 mm.) ,   re pared in 58% 
yield from ethylmagnesium chloride and butyraldehyde. 

" During the addition of the ethyl carbonate to the Grignard solution, the latter 
was kept a t  about 30". If cooling was used, the ethyl carbonate accumulated in the 
solution and later reacted violently. 
- - 

Muset, Bull. acad. roy. Belg., 775-789 (1906); Henry and de Wael, Rec. tmzt. 
chim., 28, 448 (1909); Chem. Zentr., I, 7854 (1909) 

4 These results have been supplemented by W. L. Evers of this Laboratory and 
will be published by him. 

5 Cf. Edgar and co-workers, THIS JOURNAL, 51, 1483 (1929) 
6 Whitmore and Lux, zbid., 54, 3451, 3453 (1932). 



Properties of the Alcohols.-In determining the physical constants 
of the alcohols, the same apparatus and method were used throughout. 
All constants for a given alcohol were determined on the same sample. 
The boiling points were determined by actually distilling a large amount 
of each alcohol and taking the boiling range of the main fraction. When 
reduced pressure was used a barostat was employed to maintain constant 
pressure. The densities were determined at 20 and 25O with a bottle 
type pycnometer. Refractive indices were determined with an Abb4 
refractorneter with its prism controlled by water from an automatic ther- 
mostat held a t  20.0 =t 0.2'. The alcohols were all colorless. In one case, 
~nethyldibutylcarbinol, the sample became slightly yellow on standing 
for several weeks. The odors were pleasant. In viscosity they ranged 
from limpid liquids (dimethylbutylcarbinol) to thin syrt~ps (tributyl- 
carbinol). Table 11 gives the physical properties of the alcohols. 

With one exception, the refractive indices increase in a fairly regular 
way with increasing molecular .weight. Such is not the case with the 
densities. The properties of methyldibutylcarbinol seem to be peculiar. 

-Density- 
C Car- Boiling point, O C .  (mm.) Determined 

atoms bin01 Literature Determined Literature d:' dZ5 

7 MezBu. 141-142 (755) 139.4-140.4 (735) d:: 0.815 0.8119 0.8094 
5&60 (20) 53-53.5 (15) d ,8155 

8 MeEtBn 153-160 (745) 100 (732) d:' .8273 .8282 ,8249 
161-162 (763) 05.2--65.8 (15) dz .8446 
163.5 corr. di5 ,8325 

0 MePrBu 178-183 178-9 (732) .8267 .8237 
78.5-79.5 (15) 
56.2-56.4 (4) 

9 EtzBu 119-121 (110) 18Cb180.5 (733) d i O  0.8409 ,8399 ,8365 
li6-118 (105) 76.5-77.5 (15) 

10 MeBu? 84-85 (10) 9 1 . 6 9 2 . 4  (15) ,8290 ,8253 
10 EtPrBtl 88.8-89.6 (15) ,8369 ,8337 
11 PIZSII 101.4-102.4 (15) ,8351 ,8319 
11 HtBu? 102.6-103.6 (15.5) ,8376 ,8345 
19 P r H u  113.6-114.2 (15) .8370 ,8340 
13 Bud 120 (10) 125.0 (15) d i e  0.844 .a408 ,8368 

177-178 (15) 09.8-100.0 (4) 
230-235 dec. 

Refractive index 
Detd., 

Literature n%O 

Preparation and Properties of the Chlorides.-The method of Halse7 

was used. The carbinol, cooled to - lo0, was saturated with dry hydro- 
gen chloride. The halide layer was dried and freed from hydrogen chloride 
by standing in a vacuum desiccator over sodium hydroxide. I t  was 
also found possible to wash the chlorides with cold 5% sodium carbonate 
solution. In distilling the chlorides it was necessary to use ,z much lower 
pressure than with the carbinols as they are much more sensitive to heat. 
The decomposition appeared to be catalyzed by traces of hydrogen chloride. 
In such cases i t  was necessary to wash the chloride again with cold 5% 

' Hake, J prnkt Ciretn., [ 2 ]  89, 451 (1913). 



sodium carbonate solution and dry i t  before redistilling a t  a lower pres- 
sure. In  preparing the chlorides, deep colors often developed. These 
ranged from purple to black and were most noticeable with the chlorides 
from dimethylbutyl, methylethylbutyl and methylpropylbutylcarbinols. 

The pure chlorides were colorless liquids. The odor was fainter and 
slightly less pleasant than that of the carbinols. There was no odor of 
hydrogen chloride. The pure chlorides were remarkably stable on stand- 
ing. Impure samples of the chlorides darkened rapidly and gave con- 
siderable amounts of hydrogen chloride. The physical properties of the 
chlorides were determined as with the alcohols. 

The samples were purified by distillation a t  reduced pressures (McLeod 
gage for pressures below 5 mm.) through a 30 X 1 cm. indented insu- 
lated column with complete condenser and variable take-off.6 This ar- 
rangement was far superior to an ordinary vacuum distillation because 
i t  allowed the use of a high reflux ratio. The yields of purified products 
were 65-75%. The properties of the chlorides are given in Table 111. 
Again the properties of the methyldibutyl derivative were irregular. 

TABLE 111 
T- Stabilityb 
Refractive 

C ~ ~ i l i ~ ~  point, OC. Density index, Analysis, % CI 
atoms Chloride (mm.) d:' d z 5  ny Calcd. Found 

7 MezBuCCl 35.0- 35.5 (15.5) 0 .8698 0 .8661 1.4205 3,  4 ,  5  26.37 2 6 . 2 ,  2 6 . 1  
8  MeEtBuCCl 5 5 . 0  (15) ,8764 ,8729 1.4315 3 ,  7 , 8  23 .88  2 4 . 2 ,  2 3 . 6 ,  23 .7  
9  MePrBuCCl 70.8- 71.4 (14.5) ,8723 ,8690 1.4349 6 ,  7 ,  8  21 .82  2 1 . 7 ,  2 1 . 7 ,  22 .2  
9  EtzBuCCl 4 6 . 0  (3)  .a856 .8822 1.4400 21.82 2 1 . 6 ,  2 1 . 5 ,  21 .5  

10 MeBuzCCl 6 0 . 5  (3.5) ,8707 ,8676 1.4382 4 ,  6 ,  8  20.09 1 9 . 8 ,  19.9 
10 EtPrBuCCl 53-54 (2)  ,8804 ,8773 1.4421 4 , 6 ,  8  20 .09  2 0 . 0 ,  20 .O 
11 PrzBuCCl 66.5- 67.5 (2.5) ,8743 ,8715 1.4430 3 , 4 ,  5  18.62 1 8 . 4 ,  1 8 . 4  
11 EtBuzCCl 69.5-70 .0  (2.75) ,8784 ,8756 1.4442 4 , 6 , 8  18.62 1 8 . 6 ,  18 .6  
12 PrBuzCCl 78.8- 79.2  (3)  ,8736 .a715 1.4461 3 , 7 ,  8  17.34 16 .9 ,  1 7 . 0  
13 BnaCCla 91.5- 92.5 (2.5) ,8701 ,8673 1.4480 3,  4 , 8  16.24 16 . O ,  1 6 . 0  

" This chloride was most difficult to distil unless all traces of hydrogen chloride 
had been removed by long standing in the vacuum desiccator over alkali. 

These are the changes in the chlorides on standing for 26 months in the laboratory 
in ordinary bottles. 3. Slight yellow color developed. 4. No odor of hydrogen 
chloride. 5. Change in refractive index of about +0.001. 6. Still colorless. 7 .  
Odor of hydrogen chloride. 8. Change in refractive index of less than +0.0004. 

Preparation of Various 0lefins.-In one preparation of methylethyl- 
butylcarbinol partial dehydration took place. Five fractionations of the 
low boiling material gave 20 cc. with b. p. 105-108' and 125 cc. with b. p. 
119-121' at 734 mm. Both reacted with bromine water to give dibromides 
but were not further identified. 

Dehydration of 240 g. of crude methyldibutylcarbino1 gave on frac- 
tionation 107 g. of olefin of b. p. 162-164' (739 mm.). The distillation 
of tributylcarbinyl chloride a t  20 mm. gave 5-butylnonene-4,8 b. p. 212.5- 
213' (735 mm.) and 60' (1.2 mm.), diO 0.7724, ng 1.4392. 

* Ivanoff, Bull. soc. chim., [4] 37, 287 (1925). 
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Summary 
1. Ten aliphatic tertiary alcohols containing n-butyl groups have been 

prepared and some of their properties have been determined. 
2. Ethylpropylbutyl, ethyldibutyl, dipropylbutyl and propyldibutyl 

carbinols have been prepared for the first time. 
3. The ten eorresponding tertiary chlorides have been prepared and 

studied. All except one of these are new. 
STATE COLLEGE, PENNSYLVANIA RECEIVED JULY 22, 1932 

PUBLISHED JANUARY 11, 1933 

[CONTRIBUTION FROM THE CHEMISTRY LABORATORY O F  MUMI UNNERSITY ] 

Alkamine Esters: Novocaine Analogs. I11 

In accord with the statement in a previous ~ornmunication:~ "In the 
absence of any considerable number of trustworthy generalizations that 
relate chemical structure and physiological activity, the only means of 
learning of the effects of such relationships are to prepare compounds of 
slight structural differences and study the effects of such changes," the data 
herewith accumulated from further studies of anesthetic compounds are 
presented 

The anesthetic properties of the compounds that have been prepared and 
are herein described were determined by the use of goldfish as detailed by 
Adams and co-workers3 with this slight modification, that the water used 
in the tests was in all cases aerated to avoid any possible effect on the fish 
from lack of oxygen in the water in which they were submerged. 

The compounds synthesized and studied are listed below. The hydro- 
chlorides of the esters formed by esterification of P-4-morpholinoethanol 
with benzoic acid, phenylacetic acid, 0-phenylpropionic acid, cinnamic acid 
and tetrahydropyran-4-carboxylic acid, respectively; a second series of 
these same acids with P-N-piperidinoethanol; and a third series of esters 
from P-menthylethylaminoethanol with benzoic acid and tetrahydropyran- 
4-carboxylic acid. 

Experimental 
Preparation of the Alkaminoethano1s.-Menthylamine was synthesized by means of 

the following series of reactions: menthol (u: S. P.) --+ menthone + menthone oxime 
-+ menthylamine. Reduction of the oxirne and its recovery were carried out in accord- 
ance with the procedure detailed by Wallach and others.4 The amine, distilled in an 

Honors Student in Chemistry a t  Miami University, 1932. 
Brill, THIS JOURNAL, 54,2484 (1932). 
Adams, Ridea, Burnett, Jenkins and Dreger, ibid., 48,1758 (1926). 

4 Wallach, Ann., 276, 293 (1893); Read and Story, J. Chem. Soc., 2221 (1926); 
Read and Robertson, ibid., 2209 (1926); Mailhe, Bull. soc. chim., 33,83 (1923). 



atmosphere of hydrogen, boiled a t  97" a t  a pressure of 56 mm. ; yield, 75%. A mixture of 
equivalent amounts of menthylamine and of ethyl bromide dissolved in dry benzene was 
heated on s steam-bath for two hours. Precipitation of the hydrobromidc began al- 
most immediately, so that  a solid mass of crystals resulted. The free menthylethylamine 
distilled a t  70 5 a t  a pressure of 4 mm. ; yield 74%. p-Menthylethylaminocthanol pre- 
pared in a manner similar to  the preceding synthesis was obtained in a 62% yield, boil- 
ing point 79' a t  4 mm. pressure. p-N-Piperidinoethanol is best prepared by warming 
equivalent amounts of piperidine and ethylene chlorohydrin in the absence of a solvent 
in order to  increase the yield of the nitrogen substituted derivative of ~ iper id ine .~  

A number of methods were tried in the preparation of fl-4-morpholinoethanolG with 
varying yields of morpholine and the' ethanol derivative. The results obtained are not 
distinctly different from those reported by Gardner and ~ a e n n i ~ "  and will not be re- 
ported in detail, except to  state that none were so satisfactory as the method described 
by the investigators just cited. 

Preparation of Acids.-Tetrahydropyrancarbonic acid is the only acid used in thia 
study that  needs any statement in regard to  its preparation. The method announced 
by Gibson and Johnson8 gave the best yields of those tried.$ An attempt was made to 
prepare this acid by substitution of acctoacetic ester for the malonic ester with unsatis- 
factory results. @,@'-Dichlorodiethyl ether had not condensed completely with aceto- 
acetic ester after refluxing for thirty-five hours and the cleavage of the condensation 
product did not go smoothly, consequently the effort was discontinued. 

Tctrahydropyrancarbonyl chloride was prepared by heating 20 g .  of the acid on the 
water-bath with 30 cc. of thionyl chloride The product distilled a t  85-86' a t  a pressure 
of 16 mm. 

Preparation of Esters.-In all cases the esters were produced by warrning dry bcn- 
zene solutions of the various alcohols with 5% excess of like solutions of the acid chlo- 
rides until the reactions appeared to be completed. 

The hydrochlorides of the esters of 0-menthylethylaminoethanol ap- 
parently lose a molecule of hydrogen chloride so readily that recrystalliza- 
tion from alcohol and solution in water result in the production of the free 
base. The hydrochlorides of these esters are precipitated by the customary 
reactions in benzene solution; when recrystallized from alcohol-ether 
mixture i t  was found that their solubilities have changed, they are markedly 
more soluble in ether and hydrocarbon solvents and hardly a t  all soluble 
in water than when precipitated from the benzene solutions of the reacting 
base and acid chlorides. Their melting points have changed and they give 
no test for chlorine A portion of the ester of tetrahydropyran-4-carbonic 
acid was recrystallized from dry ether before this sensitiveness to alcohol 
and water had been observed. The melting point of this is reported in 
Table 11. As this melting point is lower than that for the free base and the 

i Powell and Dehn, THIS JOURNAL, 39, 1717 (1917). 
"amm and Waldo, ibid., 43, 2223 (1921); Cretcher and Pittenger, ibid., 47, 163 

(1925). 
(a) Gardner and Haenni, ibid., 53,2763 (1931). (b) The authors wish to express 

their appreciation to the Carbide and Carbon Chemicals Corporation for their gift of the 
triethanolamine used in this investigation. 

Gibson and Johnson, J. Chew. Soc., 2525 (1930). 
V. Braun and Koehler, Ber., 50, 1057 (1917). 





ANESTHETIC EFFECTS ON GOLDFISH AND PH VALUES 

Pna Time 
0.006 Mole in 

Compound mol. concn., sol?., 
hydrochlorides concn. used mm. Observed effect 

8-4-Morpholinoethylbenzoate 4.4 0.006 45 Sluggish, incomplete anesthesia 
.024 25 Irritated, evidences of toxicity 

0-4-Morpholinoethylphenylacetate 4.4 .024 25 Irritated, evidences of toxicity 
0-4-Morpholinoethylphenylpropionate 4 .3  .012 60 Sluggish, incomplete anesthesia 
0-4-Morpholinoethylcinnamate 4.4 ,006 45 Very sluggish, incomplete anesthesia 

.012 11 Complete anesthesia 
p-4-Morpholinoethyltetrahydropyran-4-carbonate 4.4  Not tested 
(3-N-Piperidinoethylbenzoate 6.4  .006 45 Sluggish, incomplete anesthesia 

.024 25 Sluggish, evidences of toxicity 
0-N-Piperidinoethylphenylacetate 5.9 .006 31 Very sluggish. incomplete anesthesia 

,012 45 Very sluggish, no marked increase in effect 
8-N-Piperidinoethyl-p-phenylpropionate 4.8 .012 45 Very sluggish, incomplete anesthesia 
8-N-Piperidinoethylcinnamate 6 .4  .003 69 Very sluggish, incomplete anesthesia 

.005 54 Complete anesthesia 
,006 10 Complete anesthesia 
.007 9 Complete anesthesia 
.008 10 Complete anesthesia 
.012 7 Complete anesthesia 

P-N-Piperidinoethyltetrahydropyran-4-carbonate 4.8  .008 30 Slight sluggishness 
.012 30 Greater sluggishness 

K, L and M could not be tested for reasons already noted. 

Fate after 
removal 

Recovered 
Died 

E 
0 

Died 5 
Recovered 9 
Recovered 
Recovered 6 ? m 

0 
Recovered c 
Recovered u z 
Recovered X 
Recovered c 
Recovered 2 
Recovered 2 
Recovered r, 
Recovered W 

Recovered 
Recovered 

C 
Recov. with difficulty 
Recovered 
Recovered 

a The PH values were found by means of a Hellige comparator. 
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percentage of chlorine found is likewise low, it is apparently a mixture of 
the hydrochloride and the basic ester free of hydrogen chloride. Solutions 
of these basic esters in dry benzene or ether did not form precipitable 
hydrochlorides or hydrosulfates when dry hydrogen chloride and sulfuric 
acid, respectively, were added under the conditions used. 

Their study is being continued and they will be reported upon in more 
detail later. 

Surface Tension Relationships.-The surface tensions of three of these 
esters, namely, the hydrochlorides of a-N-piperidinoethylcinnamate (the 
most active anesthetic of those studied), P-4-morpholinoethylcinnamate 
(01 intermediate activity) and p-N-piperidinoethyl-p-phenylpropionate 
(of low activity) were determined. The results of these tests show so 
little differences in values that no conclusion can be drawn as to the influ- 
ence of surface tension on the anesthetic powers of the compounds. The 
compound with the highest anesthetic effect has the highest surface tension 
instead of the lowest as would be expected from Traube's theory. Certainly 
the chemical constitution appears to be one of the more important factors in 
the establishment of physiological activity as Adams has noted in his study 
of the relationships between surface tension and bactericidal activity.1° 

Compound, Density of Surface tension, 
hydrochlorides solution dynes/cm. 

j3-N-Piperidinoethylcinnamate 0.9965 71.96 
8-4-Morpholinoethylcinnamate .9969 69.30 
P-N-Piperidinoethyl-j3-phenylpropionate .9969 69.00 
Redistilled water .9970 71.80 

Discussion and Conclusions.-The menthyl derivatives were included 
in this investigation in the hope that they might show marked surface 
penetration because of their high radical weight and favorable configura- 
tion. Rather convincing evidence of this relationship is furnished by the 
marked surface penetrating power of cocaine and of the greater activity of 
Butynl1 over Novocaine in this regard. The former two are more pene- 
trating and of higher molecular weight than the last named anesthetic. 

The morpholine esters are not as active anesthetics as the piperidine 
esters. This structure appears to have no advantage over other basic 
groups in endowing compounds with anesthetic powers. They are likewise 
somewhat more acid in properties, and high acidity in local anesthetics 
appears to be undesirable and unfavorable to the best results. For this 
same reason the esters of tetrahydropyran-4-carboxylic acid are likely to 
possess low activity. This configuration apparently has no pronouncedly 
unfavorable toxic effect on compounds. 

lo Stanley and Adams, THIS JOURNAL, 54, 1548 (1932). 
l1 Schmitz and Loevenhart, J. Pharmacol., 24, 167 (1924). 



The cinnamates are the most active of all studied, which is evidence of 
the favorable effect of a double bond in enhancing the anesthetic powers of 
compounds. 

Summary 
1. Esters of P-4-morpholinoethanol with benzoic, phenylacetic, P- 

phenylpropionic, cinnamic and tetraphydropyran-4-carboxylic acids; 
a second series of 6-N-piperidinoethanol with these same acids; and a 
third series of P-menthylethylaminoethanol with benzoic and tetrahydro- 
pyran-4-carboxylic acids are described under the following heads: (a) 
preparation, (b) physical properties, (c) PH values, (d) anesthetic ac- 
tivities, (e) surface tension. 

2. The cinnamates are the most active physiologically of those studied. 
3. No apparent relationship between surface tension and surface pene- 

tration was indicated. 
,4. The menthylethylamino derivatives differ from the others studied in 

the ease with which hydrogen chloride is lost. 
OXFORD, OHIO RECEIVED JULY 27, 1932 

PUBLISHED JANUARY 11. 1933 

a ',8-Dichloromethylethyl Ketone (1,4-Dichlorobutanone-2) 

Introduction 
The preparation of af,/3-dichloromethylethyl ketone is not recorded in 

the literature, and this relatively simple substance is important because of 
the possibility of using it as an intermediate in the synthesis of compounds 
of biological and pharmacological interest. For instance it might be 
employed in the synthesis of histamine, as follows2 

CHzCl CHzNHz CH-NH CH- NH 
I 

The present paper describes two methods for the preparation of a'$- 
dichloromethylethyl ketone. 

The Nierenstein Reaction.-In 1915, Clibbens and Nierenstein3 re- 
ported that acid chlorides react with diazomethane to produce a-chloro 

(1) This paper is constructed from part of the thesis submitted by Mr. Carroll to the faculty of the 
Polytechnic Institute of Brooklyn in June, 1932, in partial fulfilment of the requirements for the degree 
of Master of Science in Chemistry. 

(2) Now being investigated in this laboratory. 
(3) Clibbens and Nierenstein. J. Chem. Soc., 107, 1491 (1915). 
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ketones, but Bradley and Robinson4 in employing this reaction obtained 
instead the diazo ketone. Bradley and Robinson5 and Bradley and 
SchwarzenbachR found that when one molecular equivalent of an acid 
chloride is allowed to react with two molecular equivalents of diazomethane, 
the diazo ketone is obtained in excellent yields. Bradley and Schwarzen- 
bach6 were able to obtain the a-chlor ketone from the diazo ketone by 
treatment of the latter substance with dry hydrogen chloride. 

a',@-Dichloromethyl ethyl ketone was prepared through the Nierenstein 
reaction from diazomethane and 8-chloropropionyl chloride and subsequent 
treatment of the product with dry hydrogen chloride. The a',@-dichloro- 
methylethyl ketone was identified by analysis and by the preparation of 
the hydrochloride of a new thiazole, 4-(P-chloroethy1)-2-aminothiazole. 
The ketone itself was a strong lachrymator. It distils a t  65' a t  3 mm. and 
changes from a colorless to a brown liquid on standing. Its specific gravity 
20°/40 is 1.3295 (+0.0005) 

Condensation of Ethylene and Chloroacetyl Chloride with Aluminum 
Chloride.-Lippmann7 in 1864 prepared P-chloropropionyl chloride from 
ethylene and phosgene. This reaction suggested that if chloroacetyl 
chloride were used instead of phosgene, a',@-dichloromethylethyl ketone 
might be formed. Various condensation agents such as mercuric sulfate, 
sulfuric acid, stannic chloride and aluminum chloride were used to bring 
about this reaction between chloroacetyl chloride dissolved in diethyl ether 
and ethylene, the ethylene being passed into the ethereal solution. These 
attempts were not successful. 

Petroleum oils have been condensed8 by the use of the addition compound 
of ethylene and aluminum chloride. Accordingly this ethylene-aluminum 
chloride addition compound was prepared in a dry petroleum ether solution 
and chloroacetyl chloride was added. a'$-Dichloromethylethyl ketone 
was obtained in small yield and i t  was identified through the condensation 
product with thiourea." 

Experimental 

Materials.-Diazomethane was prepared by the method of von Pechmanlo using 
riitrosomethyl urethan.11 The ether was dried over sodium, distilled, dried over phos- 
phoric anhydride and redistilled. 6-Chloropropionic acid was prepared by the method 
given by Powell in "Organic Syntheses."lz 8-Chloropropionyl chloride13 was prepared 

(4) Bradley and Robinson, J. Chem. Sac., 1545 (1928). 
(5) Ref. 4, p. 1310. 
(6) Bradley and Schwarzenbach, ibid. ,  2904 (1928). 
(7) Lippmann, Ann., 189, 81 (1864). 
(8) British Patent 345,334, Dec 18. 1930; see C k m .  Abslrads, 26, 155 (1932). 
(9) See Popp, Ann., 150,274 (1889); Hantzsch, ibid., 249, 1. 7, 31 (1888); 460, 257 (1889); Nbf, 

ibid ,266,lOS (1891); Traumann, ibid. ,  449,31 (1888). 
(10) Houben-Weyl, "Methoden der organischen Chemie," G .  Thieme, Leipzig, v. 3, 2d ed., 1922, 

p. 124. 
(11) Purchased from the Eastman Kodak Company. 
(12) "Organic Syntheses,'' John Wiley and Sons, Vol. VIII, 1928, p. 58. 
(13) See Michael, Ber.. 84, 4048 (1901), also Wolfenstein and Rolle, ibid., 41, 736 (1908). 



by heating together a mixture of 15 g. of 6-chloropropionic acid and 18 g. of thionyl 
chloride for ninety minutes. The mixture was fractionated a t  5 mm.; 13 g. was col- 
lected a t  44'. b. p. 144". 

a',&-Dichloromethylethyl Ketone (1,4-Dichlorobutanone-2) througg the Nieren- 
stein Reaction.-4.75 grams of P-chloropropionyl chloride was dissolved in 25 g. of 
absolute ether and the solution was cooled to -5'; 1.8 g.I4 of diazomethane was dis- 
solved in 75 g. of absolute ether contained in a 500-ml. suction flask, cooled to -5O, 
and protected from moisture by a calcium chloride tube. This solution was treated 
with the ethereal solution of 8-chloropropionyl chloride, taking about five minutes for 
the addition The temperatilre was maintained a t  -5' and the solution was allowed 
to  stand for one hour, a t  the end of which period a second portion of 1.8 g. of diazo- 
methane was added to the solution, nitrogen being again evolved. The solution was 
now placed in an ice box and allowed to  stand for thirty-six hours. The yellow colored 
solution was treated with dry hydrogen chloride until the color was pale yellow and the 
evolution of nitrogen had ceased. During the treatment with hydrogen chloride the 
temperature was held below 10". The ether was evaporated by a current of dry air and 
the residue was fractionated a t  reduced pressure. The portion distilling a t  65" under a 
pressure of 3 mm. was collected; yield 3.2 g. The liquid had powerful lachrymatory 
properties and the density was 20°/40, 1.3295. Refractive index [n,] 1.480 a t  20°: 
moleculax refraction calcd., 30.59; found, 30.10. This sample was two weeks old and a 
sample two months old gave a value [n, 1 1.473 a t  20 O.  

Anal. Calcd. for C4H60Cll: C, 34.04; H, 4.25. Found: C, 34.29; H, 4.09. 

This prcparation was repeated using 22 g. of p-chloropropionyl chloride and 14.4 g. 
of diazomethane; yield 18 g. a t  65" and 3 mm. pressure. 

Hydrochloride of 4-(8-Chloroethy1)-2-aminothiazo1e.-2.8 Grams of a', P-dichloro- 
methylethyl ketone was added to a solution of 1.4 g. of thiourea in 25 ml. of water and' 
heated on the water-bath under reflux for thirty minutes. The mixture was frequently 
agitated and a t  the end of this period the insoluble layer of the ketone had entirely dis- 
appeared. The solution was evaporated under reduced pressure to 15 ml. and then 
made alkaline by adding 20 ml. of a solution of 0.1 N sodium hydroxide. I t  was then 
extracted with diethyl ether and the ethereal solution was dried with anhydrous sodium 
sulfate. The ether was evaporated and the residue crystallized; yield 1.4 g . ;  m. p. 
60". This base could not be recrystallized readily and accordingly the hydrochloride 
salt was prepared. 

One-half gram of 4-(P-chloroethy1)-2-aminothiazole base was dissolved in 20 ml. 
of absolute ether and filtered; 20 ml. of absolute ether was saturated with dry hydrogen 
chloride and this was added to the solution of the base. The crystals which separated 
were filtered, washed with absolute ether, and dried in vacuo over calcium chloride and 
paraffin. The substance, m. p. 166". started to melt at 144" but then solidified. The 
analyses were made on reprecipitated material. 

Anal. Calcd. for CsHsN2SCl2: C, 30.15: H, 4.02; S, 16.08. Found: C, 31.01, 
31.11; H, 4.56, 4.54; S, 16.62. 

arl,P-Dichloromethylethyl Ketone from Ethylene and Chloroacetyl Chloride.-Two 
hundred and fifty ml. of dry petroleum ether (b. p. 40-60") was placed in a three- 
necked flask fitted with a mechanical stirrer and a reflux condenser which was protected 
against moisture with a tube of calcium chloride, and 13.3 g. of powdered aluminum 
chloride (Akatos) was added. Ethylene was passed into the solution for two hours 
while the solution was maintained a t  the boiling temperature (47 ") and most of the alumi- 
num chloride dissolved; 11.3 grams of chloroacetyl chloride was added slowly through 
a separatory funnel and the mixture was boiled for thirty minutes after the addition of 

(14) Determined by titration by the p-nitrobenzoic acid method 
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the chloroacetyl chloride. The mixture was poured into 600 ml. of ice water and stirred 
until the aluminum chloridc had decomposed. The layer of petroleum ether was sepa- 
rated and the aqueous solution was extracted three times with a total volume of 300 ml. 
of diethyl ether. The combined extract was dried with anhydrous sodium sulfate, 
ex aporated by a current of dry air and fractionated under reduced presslu-e. The frac- 
tion distilling a t  63-65 " under 3 mm pressure was collected; yield 2 8 g. 

0.14 Gram of this product and 0.076 p. of thiourea ucre dissolx ed in 4 ml. of water 
and heated for thirty minutes. The solution was made alkaline with a solutiorl of sodium 
hydroxide and extracted with ether. The residue remaining after the evaporation of the 
ether melted a t  60". A mixed melting point determination of this material with the 
previously prepared thiazole base gave no depression. The hydrochloride of this sub- 
stance was prepared as previously described, it  melted a t  166" and showed a tendency 
to fuse a t  140" after which it  soltdified. This substance gave no depressioil in  a mixed 
melting point determination with 4-($-chloroethy1)-2-aminothiazole hydrochloride pre- 
pared from the larger sample of af,P-dichloromethylethyl ketone. These facts are 
taken as positive proof that aluminum chloride can be used as a condensing agent for the 
preparation of this ketone.15 

Summary 

I. a',o-Dichloromethylethyl ketone, 1,4-dichlorobutanone-2, has been 
prepared by the action of diazomethane on P-chloropropionyl chloride and 
subsequent treatment with dry hydrogen chloride. 

2. af,P-Dichloromethylethyl ketone has been prepared by the direct 
addition of ethylene to chloroscetyl chloride, using aluminum chloride as 
a condensing agent. 

3. 4 - (0-Chloroethyl) -2-aminothiazole has been prepared from a', 0- 
dichloromethylethyl ketone and thiourea. The hydrochloride of this base 
was identified by analysis. 

4. Mixed melting point determinations have been used to identify the - - 

a',$-dichloromethylethyl ketone prepared from ethylene and chloroacetyl 
chloride. 

BROOKLYN, N. Y. RECEIVED JULY 27, 1932 
PUBLISHED JANUARY 11, 1933 

(15) This reaction will be studied further in this Laboratory as a means of preparing chloro ketones. 
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Studies on Acid Iodides. I. The Preparation of Halogen 
Substituted Aliphatic Acid Iodides with a Note on the 

Atomic Refractivity of Iodine 

Knowledge of the chemistry of acid iodides is very meager. The difficulties 
of their preparation, their reactivity and instability doubtless are responsible 
for the neglect which this group of substances has received. We have been 
attracted to their study through the hope that their reactivity might make 
them useful as reagents for achieving unusual chemical transformations. 

This paper, the first of a series, deals with the preparation of certain 
halogen substituted aliphatic acid iodides, and the determination of some 
of their physical constants. 

The most satisfactory method for the preparation of acid iodides is that 
of Staudinger and Anthes,l who prepared acetyl, diphenylacetyl and 
benzoyl iodides by passing a stream of dry hydrogen iodide into the corre- 
sponding acid chloride. This method proved to be very successful for the 
preparation of chlorinated acid iodides. In this way, monochloro-, di- 
chloro- and trichloroacetyl iodides were easily prepared from the corre- 
sponding acid chlorides. 

Bromoacetyl chloride was also converted into the corresponding iodide, 
but attempts to obtain it in a pure form were unsuccessful. I t  failed to 
crystallize at  --80°, and when warmed to 32O during an attempt a t  dis- 
tillation it decomposed with the evolution of heat, forming large amounts 
of a black crystalline solid, presumably iodine monobromide. 

Attempts to prepare iodoacetyl iodide failed completely, as iodine was 
instantly liberated, even at  -10'. This was not surprising, however, as 
the following set of reactions suggests. 

The following table is a summary of the physical constants of these 
acid iodides. 

Iodide B. p , 'C. Mm. d:' n: Condition at -80" 

CHaCOI 104-106 735 2.0674 2.0710 1.5491 Not crystalline 
CHzClCOI 36.5 4 2.2607 2.2647 1.5903 Crystalline 
CHClzCOI 54-54.5 15 2.2508 2.2547 1.5754 Not crystalline 
CC1,COI 74-74.2 30 2.2549 2.2589 1 5711 Crystalline 
CHzBrCOI 32", dec. 
CHZICOI Below -lo0, dec. 

(1) Staudinger and Anthes, Ber., 46, 1417 (1013) 
(2) Compare Aschan. ibid., 46, 1913 (1912). 
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No determination of the atomic refractivity of iodine in the form of acid 
iodide has been thus far reported. For this reason the densities and re- 
fractive indices of the iodides were determined where possible. The atomic 
refractivity of iodine as acid iodide has been calculated from the molecular 
refractivity of acetyl iodide. 

Iodide MD observed Mn calculated for CHoCO 4tomic retractivity I - ~ O -  

CHsCOI 26.08 10.35 15.73 

Using this value for iodine, the exaltation of the molecular refrac- 
tivity, EM,, has been calculated for the chloroacetyl, dichloroacetyl and 
trichloroacetyl groups as acid iodides. The exaltation was found to be 
negative in each case. 

Iodide MD observed MD calculated EMU 

CHIC~COI 30.52 30.94 - 0.42 
CHClzCOI 35.08 35.81 - .73 
Cc18COI 39.83 40.68 - .85 

For purposes of comparison, the atomic refractivities of chlorine, bro- 
mine and iodine are shown. 

Halogen A B A - B A s B  
X x-00- x-cr12- 

C1 6.3363 5.9673 0.369 1.0618 
Br 9.  5954 8 .  74g4 0.847 1.0968 
I 15.73 13.9003 1.83 Calcd. 1.133&; found, 1.131 

We wish to express our thanks to Dean Frank C. Whitmore for the 
facilities of this Laboratory, and to the Mallinckrodt Chemical Works for 
so generously donating the large quantities of iodine necessary for this 
work. Part of the funds required for this research were privately con- 
tributed. 

Experimental Part 
Acetyl Iodide, CHaCO1.-This substance, b. p. 104-106" (735 mm.), was prepared 

from purified acetyl chloride by the method of Staudinger and Anthes.1 These workers, 
however, submitted no analyses or physical constants other than ihe boiling point. 
The iodide did not solidify a t  -80' (solid carbon dioxide and alcohol). When shaken 
with mercury, it became colorless. 

Anal. (PdIa) Calcd. for CzHsOI: I, 74.69. Found: I, 74.44. 
Chloroacetyl Iodide, CH2ClCOI.-198 grams of chloroacetyl chloride, b. p. 105- 

106" (740 mm.), cooled to -5', was treated with 672 g. of dry hydrogen iodide. The 
resulting reddish liquid was fractionated in vacuo. 

1st fraction b. p. 30-36.5' (4 mm.) 40 g. 
2d fraction b. p. 36.5' (4 mm.) 245 g. 68% yield 
3d fraction b. p. 36.5-37.5' (4 mm.) 25 g. 

(3) Eisenlohr, Z. physik. Chem., 75, 605 (1911). 
(4) Ramonen. Ann Acad Cci .  Pennirae, AS, 62 (1914) 
(6) Calculated from above two ratios. 



The second fraction, b. p. 36.5" (4 mm.) was a heavy, mobile, highly refractive, cherry 
red liquid of penetrating odor, fuming strongly in moist air. It could be obtained color- 
less by shaking with mercury, but the red color rapidly returned even if protected from 
the light a t  0'. The iodide sinks in water and, due to  its slight solubility, reacts rather 
slowly to form chloroacetic and hydriodic acids. It dissolves without reaction in the 
laboratory hydrocarbons, cliloroform and carbon tetrachloride. It dissolves in alcohol, 
reacting instantly with the formation of ethyl chloroacetate. I t  is soluble in ether and 
slowly reacts with it, forming ethyl iodide and ethyl chloroacetate. When cooled t o  
-80" the iodide solidified to  a mass of colorless leaflets. When shaken with mercury, 
it  became colorless. 

Anal. (Pd11). Calcd. for CzHzOClI: I, 62.12. Found: I, 62.39 

Dichloroacetyl Iodide, CHClzCOI -Seventy grams of dichloroacetyl chloride, b. p. 
106.1-107.1" (739 mm.), was treated with 192 g .  of dry hydrogen iodideat -5'. The 
resulting golden-yellow liquid was distilled in oacuo. The distillate, b. p. 50-58' (14 
mm.), was then fractionated. 

1st fraction b. p. (15 mm.) 50-54 27 g. 
2d fraction b. p. (15 mm.) 5 4 5 4 . 5 "  66 g. 58.2% yield 
3d fraction b. p. (15 mm.) 54.5-58' 15 g. 

The second fraction, b. p. (15 mm.) 54-54.4", entirely resembles chloroacetyl iodide in 
appearance, properties and solubilities. It reacts, however, much more slowly with 
ethers. It failed to crystallize a t  -80". When shaken with mercury. it  became color- 
less. 

Anal. (PdIz). Calcd. for C,HOClJ: I ,  53.13. Found: I,  53.60. 

Trichloroacetyl Iodide, CC1~COI.-The preparation of this substance was previously 
reported by who obtained a low yield of doubtless impure material from the reac- 
tion of a n  excess of phosphorus triiodide with trichloroacetic acid. It is easily prepared 
by the action of hydrogen iodide on trichloroacetyl chloride. 100 g. of trichloroacetyl 
chloride, b. p. (726 mm.) 116-117°, was treated with 220 g. of dry hydrogen iodide 
a t  -5". The resulting dark red liquid was freed from dissolved iodine by distillation 
in vacuo from mercury, and then fractionated. 

1st fraction b. p. (30 mm.) below 74" 31.2 g. 
2d fraction b. p. (30 mm.) 74--74.2" 107.5 g. 71.5% yield 

The second fraction, b. p. (30 mm.) 7474.2", resembles in appearance and' solubilities 
the other chlorinated acid iodides, but it  is less sensitive to  light, and reacts more slowly 
with water. The most marked difference, however, is its inability to  cleave ethers. It 
solidifies readily a t  -80' to  colorless leaflets. When shaken with mercury, i t  became 
colorless. 

Anal. (PdI2). Calcd. for CzOCLI : I ,  46.44. Found: I ,  46.41. 

From the first fraction, after decomposition with water, was obtained a small quan- 
tity of a n  inert liquid with an odor of carbon tetrachloride, b. p. 77-102" (735 mm.), 
which was not further investigated. 

Bromoacetyl Iodide, CHzBrCO1.-One hundred grams of bromoacetyl chloride, 
b. p. (737 mm.) 125.0-125.3", prepared by the method of Hans Meyer7 was treated with 
244 g. of dry hydrogen iodide a t  -5". The liquid rapidly became dark brown. When 
about one half of the hydrogen iodide had been bubbled in, noticeable amounts of a 
black crystalline material commenced t o  precipitate. At the end, the deep reddish 

(6) Gal, Bull. sac. chim., [2] 20, 13 (1873). 
(7) Hans Meyer, Monalsh., 22, 418 (1901). 
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liquid was decanted from the black precipitate. This crystalline substance gave strong 
tests for both iodine and bromine, and was possibly a mixture of iodine monobromide and 
iodine. After unsuccessfully trying to purify the decanted liquid hy freezing out crystals 
of bromoacetyl iodide, an attempt was made to distil it in  vacuo. When the bath tem- 
perature reached 32", the liquid suddenly decomposed with the evolution of considerable 
heat, and the formation of large amounts of the black crystalline material mentioned 
above. 

lodoacetyl Iodide, CHnICO1.-Spindler8 attempted to prepare this substance by 
heating chloroacetyl chloride with calcium iodide in a sealed tube. The method of 
Staudinger and Anthes proved to be equally unsuccessful. Fifty grams of freshly re- 
distilled iodoacetyl chloride, b. p. 31-32" (4 mm.), prepared by the method of Abder- 
halden and Guggenheims was placed in a gas wash bottle and cooled to - 10 ". When 
dry hydrogen iodide was passed into the liquid, there was an instantaneous precipitation 
of iodine crystals completely stopping the passage of the gas. Evidently iodoacetyl 
iodide, if formed, is unstable a t  - 10 O. 

Summary 

1. The method of Staudinger and Anthes for the preparation of acid 
iodides has been extended to include the preparation of several halogenated 
aliphatic acid iodides. 

2 .  Chloro-, dichloro- and trichloroacetyl iodides have been prepared by 
this method, and some of their physical constants and chemical properties 
have been determined. 

3. Bromoacetyl iodide has been prepared, but it was too unstable to 
permit purification by distillation. 

4. Iodoacetyl iodide could not be prepared. 
5 .  The atomic refractivity of iodine as acid iodide, and the exaltation of 

molecular refractivity for chloro-, dichloro- and trichloroacetyl iodides 
have been determined. 

STATE COLLEGE, PENNSYLVANIA RECEIVED JULY 27, i932 
PUBLISHED JANUARY 11. 1933 

(8) Spindler, Ann., 231, 274 (1885). 
(9) Abderhalden and Guggenheim, Ber., 41, 2853 (1808). 
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Studies on Acid Iodides. 11. The Cleavage of Aliphatic 
Ethers by Acid Iodides 

BY EDWIN L. GUSTUS AND PHILIP 6. STEVENS 

I t  has long been known that aliphatic ethers may be cleaved by acid 
chlorides at  elevated temperatures in the presence of cata1ysts.l Recently 
i t  has been shown that the reaction proceeds at  ordinary temperatures, 
though very s10wly.~ With acid chlorides it has not been possible to 
dispense with a ca ta ly~t .~  Acid bromides, however, cleave ethers without 
the use of catalysts, though high temperatures are required to accomplish 
this r e ~ u l t . ~  

More than twenty years ago Kishner6 observed that benzoyl iodide was 
able to cleave ethers readily at  100' without a catalyst, forming alkyl 
iodides and benzoates. Since this isolated observation has not received the 
further investigation which its suggestive character would indicate, we have 
undertaken a comprehensive study of the reaction between acid iodides 
and ethers with the hope not only of developing a useful method for the 
investigation of ethers, but also of adding to our kno

w

ledge of the mecha- 
nism of the reaction between acid halides and ethers. 

Due to the sluggishness of the reaction between benzoyl iodide and 
ethers, requiring a temperature of 100' for several hours, we have directed 
our attention to aliphatic acid iodides6 with the hope that they would prove 
more reactive and that transformations with them might be obtained a t  
ordinary temperatures. Thus the detrimental effect of elevated tempera- 
tures on unstable substances would be eliminated. This expectation has 
been entirely fulfilled. 

When an aliphatic ether is treated with acetyl iodide, the reaction mix- 
ture becomes warm after a short induction period of often less than a 
minute. This heat, which we believe is due to the formation of an oxonium 
complex, is soon dissipated. If the mixture is allowed to stand at  room 
temperature for two to five days, it is found that the ether has been cleaved 
with the formation of an alkyl iodide and an alkyl acetate. This reaction 
was found to proceed much faster with di-secondary ethers than with di- 
primary. 

(1) For a review of the literature see Meerwein and Maier-Huser, J. prakt. Chem., 134, 51 (1932). 
(2) Norris and Rigby, THIS JOURNAL, 64, 2093 (1932). 
(3) Descude, Compl. rend., 132, 1129 (1901). 
(4) Lyden, Fmska Kemistsamfundets Medd.. 35, 19-36 (1926); 37, 53-71 (1928); 38, 19-46 

(1929); 38, 72-84 (1929). Chem. Abstracts, 22, 3880 (1928); 23, 1868 (1929); 24, 336 (1930); 24, 
1628 (1930). 

(5) Kishner, J. Russ. Phys.-Chem. Soc., 41, 651-659 (1909); Chem. Zentr., 2, 1132 (1909). Com- 
pare also Blaise, Compl. rend., 139, 1211 (1904); 140, 661 (1905); Staudinger and Anthes, Ber., 46, 
1423 (1913). 

(6) Gustus and Stevens, THIS JOURNAL, 66, 374 (1933). 



After this work had been completed, a paper by Meerwein and Maier- 
Hiiserl appeared in which these workers suggested the oxonium salt mecha- 
nism in the case of the acid iodides. Meerweiri and Maier-Hiiser, however, 
were not the first to use such a mechanism. Kishner,"he first to study 
ether cleavages by acid iodides, had already considered oxonium complex 
formation as a preliminary step to cleavage. 

The molecular weight of primary ethers appears to influence slightly the 
ease with which they are cleaved. Thus the cleavage of di-n-propyl, di- 
n-butyl and diisoamyl ethers by acetyl iodide proceeds less readily as the 
molecular weight of the ether increases. 

The introduction of chlorine into the ether molecule in the a-position 
was found to affect greatly its stability toward acid iodides. Thus chloro- 
acetyl iodide, which cleaves ordinary ethers readily, caused no cleavage of 
sym-dichlorodimethyl ether in twenty-five days at room temperature 
followed by six days at  100°. There was here no apparent evidence of 
oxonium complex formation. Possibly no oxonium complex formed, thus 
prohibiting cleavage. 

The cleavage of unsymmetrical aliphatic ethers by acid iodides was also 
investigated. I t  was found with di-primary ethers that the greater pro- 
portion of iodine attached itself to the smaller alkyl group. This confirms 
Kishner's5 observation with benzoyl iodide and is in accord with the work 
of Norris and Rigby2 with acid chlorides. With mixed primary-secondary 
ethers about one-half of the iodine went to the smaller (in this case the 
primary) radical. In addition rearrangement products appeared. Thus 
the methyl ether of methylisopropylcarbinol with chloroacetyl iodide 
formed methyl iodide and trimethylethylene in about equal quantities. 
The latter substance may have come from methylisopropyliodomethane, 
or from tertiary-amyl iodide, a rearrangement product7 

CICH~COI LCICH~C=O J 
CHz 

CH3 / CH~CH=C/ t \CH, ''"1 " P C H Z $ " ~ ]  ["'.re"' I CH3 

Norris and Rigby2 have already shown that methyl isobutyl ether and 
acetyl chloride in the presence of zinc chloride form mainly isobutyl chlo- 
ride with some tertiary-butyl chloride, a rearrangement product. 

Acid iodides are practically always contaminated with dissolved iodine. 
I t  was thought that this substance might be acting as a catalyst in ether 

(7) Compare Wischnegradski, Ann., 190, 342 (1878). 



380 EDWIN L. GUSTUS AND PHILIP G. STEVENS VO~.  55 

cleavages. For this reason attempts were made to cleave ethers with 
acetyl chloride using iodine as a catalyst. After long standing a t  room 
temperature, no evidence of any reaction could be found. 

The structure of the acid iodide in ether cleavage reactions is almost as 
important as the structure of the ether itself. The introduction of chlorine 
into the iodide has a marked effect. Thus chloroacetyl iodide was found to 
cleave ethers less readily than acetyl iodide, and dichloroacetyl iodide was 
very much less reactive. Definite evidence of a reaction between tri- 
chloroacetyl iodide and either primary or secondary ethers a t  room tem- 
perature could not be obtained. The same result was observed when zinc 
iodide was used as a catalyst. It is probable that an oxonium complex 
was first formed in each case, for heat was liberated when the iodide and 
ether were mixed. This was particularly noticeable with diisopropyl 
ether, but no cleavage took place. A very small amount of cleavage 
possibly occurred with diethyl ether at  100' after three hours. This failure 
of trichloroacetyl iodide to cleave ethers cannot be attributed to the lack 
of a hydrogen atom in the a-position to the carbonyl group since benzoyl 
iodide, which has no a-hydrogen atom, is able to cleave them. 

Acid iodides not only cleave oxygen ethers, but thioethers as well. This 
was not unexpected for Cahourss had already reported the cleavage of thio- 
ethers by acid bromides at  elevated temperatures, and had mentioned that 
acid iodides behaved similarly, though more vigorously. He failed, how- 
ever, to report any experimental evidence. Owing to the criticism of his 
work by Obermeyer,$ and the doubtful purity of the acid iodide available 
to him, this unsupported statement required further investigation. 

While thioethers are cleaved by acid iodides, the rate of cleavage is very 
much slower than that of oxygen ethers. The cleavage products, in the 
case of diethyl sulfide, were ethyl iodide and ethyl thiolacetate. This 
slower cleavage may be due to the fact that the --S--C bond is in general 
stronger than the -0-R bond. Acetyl chloride without catalysts failed 
completely to cleave diethyl sulfide after seven days at  100'. 

One of the most reactive ethers is ethylene oxide. Little work has been 
done on its reaction with acid halides.1° Ethylene oxide reacts so vigor- 
ously with halogen acids that reactions with acid halides might be easily 
misinterpreted as true cleavages by the halide rather than as a chain re- 
action caused by small amounts of halogen acid present. Acetyl iodide 
reacts very vigorously with ethylene oxide even at  -80°, and the reaction 
is so rapid that it seems quite reasonable to suppose true cleavage takes 
place. The product is P-iodoethyl acetate. The reaction with acetyl 
chloride was also tried, using acetyl chloride which had been freed from 
hydrogen chloride by distillation from dimethylaniline. Precautions were 

(8) Cahours, Bull. soc. chrm., (21 25, 563 (1876); Com9t. rend., 81, 1163 (1876). 
(9) Obermeyer, Ber., 20, 2921 (1887). 
(10) Bodforss, Ahrens Sammlung, 26, 221 (1920); Altwegg and Landrivon, U. S .  Patent 1,393,191. 
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taken to exclude all moisture. There was no apparent reaction a t  -80' 
nor a t  room temperature. After forty-four days, the material was frac- 
tionated directly. The yield of p-chloroethyl acetate was about 90%. 

A similar experiment was made with acetyl chloride and ethylene oxide 
in the presence of a small amount of iodine. Here considerable heat was 
evolved at  the outset. After three and a half days at room temperature, 
the yield of 8-chloroethyl acetate was about 30%. If instead of iodine one 
drop of concentrated hydrochloric acid was used, the yield of 6-chloroethyl 
acetate after two and a half days was about 75%. From these experiments 
it appears as if acetyl chloride may slowly cleave this very reactive ether 
without a catalyst at  room temperature. A further investigation of this 
reaction, however, is now in progress. 

When equivalent quantities of ethylene oxide, acetyl chloride and iodine 
were mixed at  -SO0, at  first no reaction occurred. The sealed tube con- 
taining the reaction mixture, now dark brown from dissolved iodine, was 
removed from the freezing mixture and shaken in the daylight. About 
fifteen seconds later, the tube exploded with great violence, although still 
at  a low temperature. The formation of an iodo-hypoiodite a t  -80° 
reasonably accounts for the detonation.ll 

Although aromatic ethers, such as diphenyl ether and diphenylene oxide 
are unattacked by hydriodic acid even at  250°,12 they were found to react 
vigorously with acetyl iodide at  room temperature. This reaction will be 
made the subject of a future communication. 

Though all acetyl iodides form oxonium complexes with ethers, the 
progressive introduction of chlorine decreases their ability to cleave ethers. 
The formation of a complex is, therefore, no criterion of subsequent cleav- 
age. Halogen substitution apparently stabilizes the oxonium complex in 
some way not yet understood. 

If the acid halides are compared with the hydrogen halides in regard to 
their reactivity toward ethers,13 it will be seen that acid chlorides resemble 
hydrogen chloride. Since hydrogen halides, acid bromidesl4 and iodides 
do form oxonium complexes with ethers, it is not unreasonable to suppose 
that acid chlorides may also do so, though to a very much less extent. 
The metal or non-metal halide used with acid chlorides as a catalyst for 
ether cleavage may greatly facilitate the formation of the oxonium com- 
plex, but it seems to us that the important role of the catalyst is rather the 
promotion of the decomposition of this complex. 

We wish to express our thanks to Dean Frank C. Whitmore of the School 
of Chemistry and Physics of the Pennsylvania State College for laboratory 

(11) Compare Birckenbach and Goubeau, Ber., 65B, 397 (1932); Maass and Boomer, THIS 
JOURNAL, 44, 1709-1721 (19'22). 

(12) Hoffmeister, Ber., 3, 747 (1870). 
(13) Hantzsch, ibid., 54B, 1851 (1921). 
(14) Based on the fact that acid bromides cleave ethers without catalysts at elevated temperatures 



facilities, to the Mallinckrodt Chemical Works for so generously donating 
the large quantities of iodine consumed in this research, and to E. I. du 
Pont de Nemours, Inc., for kindly contributing the dimethyl ether used in 
our experiments. Part of the funds required for this research were pri- 
vately contributed. 

Experimental Part 
Acetyl Iodide and Di-n-propyl Ether.-12.25 grams (0.12 mole) of di-n-propyl ether, 

b. p. 89-90.2' (from metallic sodium) was treated with 17 g. (0.10 mole) of acetyl 
iodide. The usual warming of the mixture was noticed, and the tube was allowed to 
stand protected from light a t  25O. After eighty-nine hours, the reaction mixture was 
shaken with a saturated sodium carbonate solution, and 50 cc. of diisoamyl ether was 
added. After drying over anhydrous potassium carbonate, the solution was cooled, 
treated with 10 g. of anhydrous trimethylamine, and allowed to stand for twelve days 
a t  25", and then for six days a t  65O. At the end of this time the solution was repeatedly 
washed with water, and the washings evaporated in vacuo over sulfuric acid; 10.5 g. of 
trimethyl-n-propylammonium iodide was obtained, which separated as platelets from 
absolute alcohol. The diisoamyl ether extract, after drying, was fractionated twice, 
finally yielding 0.45 g. of n-propyl acetate. 

The following reactions were carried out in essentially the same way as described 
for n-propyl ether. Those marked with an asterisk are described in detail. 

Iodide Ether Ammonium iodide 

Dimethyl Trimethylphenyl 
Di-n-propyl Trimethyl-n-propyl 
Di-n-butyl Trimethyl-n-butyl 
Diisoamyl Trimethylisoamyl 

Acetyl Diisopropyl Trimethylisopropyl 
*Diethy1 Triethyl sulfonium 

sulfide cadmium iodide 
double salt 

*Ethylene 
oxide 

Chloro- *Diethy1 Dimethylethyl- 
acetyl phenyl 

Dichloro- Diethyl Dimethylethyl- 
acetyl phenyl 

Trichloro- *Diisopropyl No reaction 
acetyl 

M. p., Yield, B. p., OC. 
OC. % Acetate (730 mm. *) ng Hours 

210-211 88.2 Methyl 55 - 56.6 1.3636 240 
185-186 45 .8  n-Propyl 100 -102 1.3839 89 
230-231 45.2 n-Butyl 126 -130 1.3969 89 
193-194 41.2 Isoamyl 139.2-141.2 1.4054 89 
285-286 73 .1  Isopropyl 87 - 88 1.3954 89 

154 13.2 Ethyl thiol See text 1296 

73 .8  8-Iodoethyl 95 - 96 
(43 mm.) 1.5072 20 .t 

135-136 90.9 Ethyl 141.6-141.9 1.4217 120 
chloro 

135-136 24.6 Ethyl 150 -152 1.4308 144 
dichloro 

168 

Acetyl Iodide and Diethyl Sulfide.--37.5 grams of acetyl iodide was treated with 
70.5 g. of diethyl sulfide in the usual way. After twenty days, golden-yellow crystals 
of triethylsulfonium iodide began to separate. After fifty-four days the reaction mix- 
ture was shaken well with water, the aqueous layer separated, and the non-aqueous 
layer shaken for twenty-four hours with water to convert any ethyl iodide into the 
soluble triethylsulfonium iodide. This aqueous layer was separated, added to the 
previously obtained washings, and the whole neutralized with dilute sodium hydroxide. 
There waq a large amount of acid, indicating much unreacted acetyl iodide. The neu- 
tralized solution was concentrated in vacuo to about 150 cc., filtered hot and treated with 
an excess of hot, filtered, half-saturated cadmium iodide solution. After twelve hours 
a t  0°, the sparingly soluble crystalline double salt, [(GH6)3SI]2CdIP, was collected, 
washed with water and alcohol and air dried. I t  weighed 25 g., corresponding to 4.54 
g. of ethyl iodide. I t  melted a t  119-120" and showed no depression when mixed with a 
known sample which had been recrystallized from dilute cadmium iodide solution. 
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When recrystallized from alcohol, i t  melted a t  154'15 and showed no depression when 
mixed with a known sample, also from alcohol. I t  lost no weight in drying a t  110° and 
20 mm. 

AnaE. Calcd. for C I ~ H ~ ~ S ~ I ~ C ~ :  I, 59.13. Found: I, 58.95. 

The non-aqueous portion consisted of excess dicthyl sulfide and ethyl thiolacetate. 
As it was impossible to separate these two compounds by distillation, the diethyl sulfide 
was removed by diluting with diethyl ether, shaking up with water and excess methyl 
iodide until the aqueous extracts gave no precipitate of [CHa(GH6)2SI]2CdI2 with cad- 
mium iodide solution.16 The ether extract, having the odor of ethyl thiolacetate, was 
dried and fractionated. The residue, boiling above 9Z0,  was converted into ethyl mer- 
captochloride for identification according to the method of Sachs.17 The ethyl mercap- 
tochloride was recrystallized from a large volume of boiling xylene, separating in the form 
of characteristic hexagonal plates. I t  was dried a t  110' and 20 mm. 

Anal. (micro Carius). Calcd. for CzHsSHgC1: S, 10.79. Found: S, 10.70. 

Acetyl Iodide and Ethylene Oxide.-Sixty-two grams of acetyl iodide, dissolved in an 
equal volume of carbon tetrachloride, was placed in a strong Pyrex tube, and the solution 
was frozen and cooled to -80 O, carefully excluding moisture. An excess (20 cc.) of ethyl- 
ene oxide was distilled in, and the tube sealed and shaken in the freezing bath. As soon 
as the reaction started, the frozen layer began to melt, and in a few moments complete 
mixing had occurred. The reaction proceeded with the liberation of much heat, as 
evidenced by the rapid vaporization of the carbon dioxide from the cooling bath. Within 
five minutes, the violence of the reaction had subsided, and the contents of the tube con- 
sisted of a dark, mobile liquid. After standing overnight a t  25O, the tube was opened 
and the excess ethylene oxide allowed to evaporate. The reaction product, examined 
in the usual way, was fractionated in vacuo. 

1st fraction b. p. (43 mm.) 90-95" 2.4 g. 
2d fraction b. p. (43 mm.) 95-96' 
Residue 

The second fraction, p-iodoethyl acetate, had a sharp, fruity odor, and its vapor attacked 
the eyes. When colorless the refractive index was n? 1.5072. 

Anal. (PdI2). Calcd. for CaH7OzI: I, 59.30. Found: 1, 58.99. 

Acetyl Chloride and Ethylene Oxide.-25.3 grams of acetyl chloride, freshly distilled 
from dimethylaniline, was treated with 18 g. of dry ethylene oxide. There was no ob- 
vious reaction a t  -80' nor a t  25 ". After standing for forty-four days a t  25", the excess 
of ethylene oxide (contaminated with acetaldehyde) and unreacted acetyl chloride were 
removed a t  25' in oacuo and the residue fractionated, the second fraction being prac- 
tically pure 6-chloroethyl acetate. 

1st fraction b. p. (733 mm.) up to 142.4' nZ: 1.4215 2.5 g. 
2d fraction b. p. (733 mm.) 142.4-143.8" n2: 1.4235 29.0 g. 95.7% yield 
Residue 

1 
nzj 1.4333 6.3 g. j 

Acetyl Chloride, Ethylene Oxide and Hydrochloric Acid.-25.3 grams of the same 
ptue acetyl chloride, 18 g. of dry ethylene oxide, and one drop of concentrated hydro- 
chloric acid were treated exactly as in the preceding experiment but for only two and 
a half days. 

(15) Compare Ray, Adhikari and Bauerjee, J. Indian Chem. SOG., 8, 739 (1931); Chem. Abstracts, 
26, 3199 (1932). 

(16) Procedure suggested by Mr. J. M. Herndon of this Laboratory. 
(17) Sachs, Ber., 54B, 1851 (1921). 
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1st fraction b. p. (732 mm.) 138-143" n2: 1.4229 6.0 g. 
2d fraction b. p. (732 mm.) 143-144" n2$ 1.4240 18.8 g. 77.9% yield 
Residue 

i 
n221.4316 6 . 0 g . j  

Acetyl Chloride, Ethylene Oxide and Iodine.-"A,"25.3 g. of the same pure acetyl 
chloride was treated with 18 g. of dry ethylene oxide and 10 mg. of resublimed iodine. 
At -80" there was no apparent reaction but on warming to room temperature the iodine 
dissolved, giving the solution a brown color, which, however, soon disappeared. The 
tube became slightly warm and remained so for several minutes. After three and a half 
days a t  25" the material was treated exactly as before. 

1st fraction b. p. (723 mm.) 138-143 " n2: 1.4235 3 .5  g. ) 
2d fraction b. p. (723 mm.) 143-144" n2: 1.4242 3 .5  g. 
Residue n221.4401 5.4g.  

"B," 26.5 g. of the same pure acetyl chloride was treated with 17.5 g. of dry ethylene 
oxide and 38.6 g. of dry, powdered, resublimed iodine. After sealing, the tube was re- 
moved from the cooling bath and shaken without protection from light. After fifteen 
seconds the tube exploded with great violence. 

Acetyl Chloride, Diisoamyl Ether and Iodine.--Eighteen cc. of the same pure 
acetyl chloride was treated with 25 cc. of diisoamyl ether and 15 mg. of resublimed io- 
dine. The iodine color slowly disappeared. After 44 days a t  25". the contents of the 
tube were examined in the usual way. The diisoamyl ether was recovered unchanged, 
and no evidence of cleavage of the ether could be found. 

Chloroacetyl Iodide and Diethyl Ether.-Fifty-six grams of chloroacetyl iodide was 
treated with an excess (44 g.) of diethyl ether in the usual way. After five days, the 
products were carefully fractionated: 

1st fraction b. p. (736 mm.) 36-71.7" n2$1.4524 7.2g.  
2d fraction b. p. (736 mm.) 71.7-72.2' 12% 1.5077 28.5 g. 
3d fraction b. p. (736 mm.) 72.2-74" n 2  1.5098 4.9 g. 
4th fraction b. p. (736 mm.) 74-141.6" n2: 1.4292 8 .0  g. 
5th fraction b. p. (736 mm.) 141.6-141.9 ' n2: 1.4217 19.5 g. 
Residue nz1.4262 4.0g.  

The second and third fractions were practically pure ethyl iodide, further identified 
by conversion into dimethylethylphenylammonium iodide. The fifth fraction, as 
shown by analysis and physical constants, was pure ethyl chloroacetate. 

Anal. (micro). Calcd. for C4H?O&!1: C, 39.18; H, 5.76. Found: C, 39.30; H, 5.85. 

The total yield of ethyl iodide was 90.9y0 and of ethyl chloroacetate 92.2%. 
Chloroacetyl Iodide and n-Butyl Methyl Ether.-Forty-five grams of chloroacetyl 

iodide was treated with 22 g. of n-butyl methyl ether, b. p. (737 mm.) 69.8-70' (from 
metallic potassium). On mixing, the usual increase in temperature was noticed. After 
two weeks the contents of the bulb were partially fractionated to obtain the methyl iodide 
formed. 

1st fraction b. p. (729 mm.) 42-43' 
2d fraction b. p. (729 mm.) 43-75' 

The residue was then treated to remove any acetyl iodide, dried and fractionated. 

3d fraction b. p. (727 mm.) 72-111 " n2$ 1.4325 1.0 g. 
4th fraction b. p. (727 mm.) 111-135" 4.4 g. 
5th fraction b. p. (727 mm.) 135-178.2' n2z 1.4522 4.9 g. 
6th fraction b. p. (727 mm.) 178.2-179" n2$ 1.4313 17.4 g. 
Residue 4.8 g. 
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The first fraction, consisting of practically pure methyl iodide, and the second fra'c- 
tion were converted into trimethylphenylammonium iodide, giving 42 5 g. of the salt, 
m. p. 211-12", 73.2v0 yield. The fourth fraction was n-butyl iodide, identified as tri- 
methyl-n-butylammonium iodide, m. p. 23O0, yield 13.3%. The sixth fraction was pure 
n-butyl chloroacetate. 

Chloroacetyl Iodide and Methylisopropylcarbinol Methyl Ether.-Forty-five grams 
of chloroacetyl iodide was treated with 25 g .  of met~ylisoprolcarbinol methyl 
ether. The usual increase in temperature was noticed on mixing. Aft- sixteen days 
the tube was opened and the low boiling products were fractionated off directly: 36.5 
g. of material, b. p. (731 mm.) 33-53". was obtained. Floating on this distillate was 
about 0.5 g. of water. At present it is not possible to account definitely for the forrna- 
tion of water in this reaction. The distillate was diluted with benzyl alcohol, washed 
with dilute sodium carbonate, dried and treated with an excess of freshly distilled di- 
methylaniline. After standing for twenty-four hours the trimethylethylene was frac- 
tionated from this mixture; 13.9 g. of material, b. p. (730 mm.) 33-38", was obtained 
which had the odor of trimethylethylene, reacted instantly with bromine in carbon tetra- 
chloride without the formation of hydrogen bromide and gave a copious yellow precipi- 
tate with Denigh' reagent.18 The trimethylphenylamrnoninm iodide in the residue 
was precipitated with benzene, collected and washed with petrolic ether; wt. 20 g., m. p. 
208", 33.5y0 yield. The original residue from which the methyl iodide and trimethyl- 
ethylene had been distilled was so deconlposed that no homogeneous material could be 
isolated from it. 

OCH3 
I 

Preparation of Methylisopropylcarbinol Methyl Ether, CH~--CH-CH(CH~)~.- 
132 grams of methylisopropylcarbinol, b. p. (734 mm.) 111-112", dissolved in 800 cc. 
of pure p-cyrnene, was treated with a large excess (120 g.) of bright potassium shot. 
The material, after six hours on the steam-bath, was boiled for two hours. After cool- 
ing, 340 g. of redistilled dimethyl sulfate was slowly added. When the reaction had sub- 
sided, the reaction mixture was boiled for twelve hours and fractionated several times, 
yielding 86 g. of pure methylisopropylcarbinol methyl ether, b. p. (737 mm.) 81.2- 
81.5 ", dig 0.7600, d iO 0.7586, n2i 1.3850. 

Anal. (micro). Calcd. for C~HIOO: C, 70.51; H, 13.82. Found: C, 70.45; H, 13.78. 
OCOCH2Cl 

I 
Preparation of Methylisopropylcarbinol Chloroacetate, CH~CH(CH~)~ . -T~~S 

substance was an expected cleavage product from methylisopropylcarbinol methyl ether, 
but was not thus obtained. It was prepared from the carbinol with chloroacetyl 
chloride in benzene solution and potassium carbonate, b. p. (738 mm.) 180-181 ", 
1.0437, dtO 1.0418, n2i 1.4298. 

Anal. (micro). Calcd. for C7HtsOzCl: C, 51.05; H, 7.96. Found: C, 51.15; H. 
8.20. 

Chloroacetyl Iodide and Sym-dichlorodimethyl Ether.-Fifty grams of chloroacetyl 
iodide was treated with 31.25 g. of sym-dichlorodimethyl ether, b. p. (736 mm.) 101.2- 
101.5". The usual increase in temperature on mixing was not noticed. After twenty- 
five days, a small sample was withdrawn. It reacted with water and dissolved com- 
pletely, indicating that no reaction had occurred. The tube was re-sealed and heated to 
100" for six days. On re-examination, large amounts of unchanged acid iodide and 
sym-dichlorodimethyl ether were found, and no material insoluble in water save a little 
separated iodine was observed. Since the products expected, chloroiodomethane which 
is insoluble in water, and chloromethyl chloroacetate which reacts slowly with water and 

(18) Deniges, Compt. r e n d ,  126, 1145, 1277 (1898). 
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is Sparingly soluble, were obviously absent, it  was concluded that no reaction had taken 
place. 

Trichloroacetyl Iodide and Diethyl Ether.-32.7 grams of trichloroacetyl iodide was 
treated with an excess (23.3 g.) of diethyl ether. There was a very slight increase in 
temperature on mixing. After one hundred and twelve hours, the reaction products 
were examined in the usual way, but only unchanged diethyl ether was recovered, and 
no evidence of any cleavage could be found. A similar result was obtained with one 
gram of zinc iodide dissolved in the reaction mixture. 

Trichloroacetyl Iodide and Diisopropyl Ether.-Thirty grams of trichloroacetyl 
iodide was treated with 12 g. of diisopropyl ether. On mixing there was a very consider- 
able increase in temperature. After seven days a t  2 5 O ,  the contents of the tube were 
examined in the usual way. Diisopropyl ether was recovered, and no evidence of any 
cleavage of the ether was observed. Another tube containing, in addition, 1 g. of zinc 
iodide gave a similar result. In this case, however, practically all of the zinc iodide 
remained undissolved. 

Trichloroacetyl Iodide and Diethyl Ether at 100°.-Twelve grams of trichloroacetyl 
iodide was treated with 4 g. of diethyl ether and heated to 100' for three hours. On 
working up the material in the usual way, about 0.2 cc. of a heavy liquid with a fruity 
odor was obtained which gave qualitative tests for both chlorine and iodine. While 
too small in amount to permit separation and purification of the components, it prob- 
ably consisted of ethyl trichloroacetate and ethyl iodide, contaminated with unchanged 
diethyl ether. It is possible that a slight amount of cleavage of the ether took place. 

Summary 
I. The reactions between acetyl iodide and dimethyl ether, di-n-propyl 

ether, diisopropyl ether, di-n-butyl ether, diisoamyl ether, diethyl sulfide 
and ethylene oxide have been studied. 

2. The reactions between chloroacetyl iodide and diethyl ether, n-butyl 
methyl ether and methylisopropylcarbinol methyl ether have been studied. 

3. The introduction of chlorine into acetyl iodide has been found to 
diminish progressively its ability to cleave ethers, trichloroacetyl iodide 
being unable to cleave ethers at room temperature. 

4. Di-secondary ethers react much more rapidly with acid iodides than 
di-primary ethers. Increasing the molecular weight of di-primary ethers 
decreases slightly the rate of cleavage. 

5. Sym-dichlorodimethyl ether could not be cleaved by chloroacetyl 
iodide. 

6. No reaction was observed a t  room temperature between primary 
ethers and acetyl chloride in the presence of dissolved iodine. 

7. No reaction was observed between diethyl sulfide and acetyl chloride 
after one week at  100'. 

8. The reaction between acetyl chloride and ethylene oxide has been 
studied. 

9. The preparation and some physical constants of methylisopropyl- 
carbinol methyl ether and methylisopropylcarbinol chloroacetate have been 
described. 

STATE COLLEGE, PENNSYLVANIA RECEIVED JULY 27, 1932 
PUBLISHED JANUARY 11, 1933 
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[CONTRIBUTION FROM THE LABORATORY OF FOODS AND SANITATION, UNIVERSITY OF 

WISCONSIN] 

Levulinic Acid. IV. The Vapor Pressures of its Normal- 
Alkyl Esters (C, - Go) 

In an earlier study1 of the temperature-vapor pressure relationships of 
an homologous series of alkyl esters of levulinic acid, questions arose con- 
cerning the preparation and the stability of its higher members in the region 
of their boiling points. In order to obtain more information about mem- 
bers of this series and to test the validity of a formula, a t  that time pre- 
sented, for calculating the specific gravities of the normal alkyl esters, the 
n-heptyl, n-octyl, n-nonyl and n-decyl esters were prepared and certain of 
their simpler physical properties determined as before. Because the work 
has been temporarily halted, it seems desirable to record now the data that 
have been obtained. 

Experimental 
Preparation of the Esters.-Levulinic acid (n40 1.4342) was directly 

esterified with the appropriate alcohol2 (molecular ratio of acid to alcohol, 
1.1 to 1) using as a catalyst hydrogen chloride in the amount of 3% of the 
weight of the alcohol. Carbon tetrachloride served the dual role of solvent 
for the reactants and of agent for the removal of water from the reaction 
mixture by means of a continuous separator. Although the higher alcohols 
themselves are sufficiently insoluble in water to make possible their use as 
separating agents, such procedure is undesirable because of the high boiling 
temperature of the alcohols and the inevitable waste of such valuable 
reagents. 

As was previously found in the cases of the n-amyl and n-hexyl esters, 
complete separation of the higher esters from the excess levulinic acid was 
not accomplished by a single fractional distillation under reduced pressure. 
Satisfactory removal of the acid from the ester fraction of the first dis- 
tillation was brought about by shaking the mixture with dry, powdered 
sodium carbonate (6 to 8 g. of Na2C03 to 50 g. of ester). Water was added 
dropwise with thorough shaking after each addition. The close approach 
of neutrality was indicated when the sodium carbonate particles agglomer- 
ated and settled as a granular mass. Although this mode of procedure for 
neutralizing the ester fraction proved effective, yet it was observed that  the 
addition of water in excess of the amount needed to bring about this change 

Schuette and Cowley, THIS JOURNAL, 53,3485 (1931). 
The alcohols, with one exception, were Eastman products. They were distilled 

before use. n-Decanol was prepared for us in the laboratory of Professor Homer Adkins 
by B. H. Wojcik, who hydrogenated ethyl n-caprate over a copper-ehromium-barium 
oxide catalyst [Folkers and Adkins, ibid., 54, 1145 (1932)l. Their assistance is grate- 
fully acknowledged. 
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in appearance of the carbonate is to be avoided, otherwise troublesome 
emulsions form. The neutral esters, without exception, were again frac- 
tionated under reduced pressure. Molecular refractions, computed by the 
formula of Lorenz and Lorentz, were used as a measure of the purity of 
the final product. 

The properties of the esters so prepared are listed in Table I. 

PHYSICAL PROPERTIES OR LEVULINIC ACID ESTERS 
Molecular refraction 

Spe;&$ JSravity (Lorenz-Lorentz) 
Alkyl n20 " 4") Obs. Calcd. 

n-Heptyl 1.4360 0.94332 59.365 59.391 
n-Octyl 1.4380 .93635 63.754 63.994 
n-Nonyl 1.4400 .93360 68.386 68.597 
n-Decyl 1.4417 .92653 73.141 73.200 

Specific Gravities.-Elsewhere1 the suggestion was made that the spe- 
cific gravities of the higher (liquid) members of this homologous series 
might be predicted with fair accuracy by means of the empirical formula 
488.18d2 - 1029.ld 4- 543.34 = c, in which d and c represent specific 
gravity and number of carbon atoms in the alkyl radical, respectively. 
This was, however, not found to be the case with respect to all of the four 
new esters herein described for, with the exception of the n-heptyl deriva- 
tive, each showed a deviation above the predicted value which is too large 
to be disregarded. Obviously the mathematical expression in question has 
a very limited use for predicting by extrapolation the specific gravities of 
the higher esters (C, - Clo). A better summation of the data a t  hand for 
the ten normal esters is given by the expression 

d = 0.868686 + 0.772094/(c + 3.29699), 

in which d and c have the same significance as in the preceding formula. 
The deviations will in no case exceed three-tenths of one per cent. when 
this formula is applied to these ten esters. 

Vapor Pressures.-The isoteniscopic method of Smith and Menzies3 

was used for the determination of vapor pressures because i t  is more 
economical of material and more sensitive to the decomposition of these 
esters than is the dynamic method of Ramsay and Y ~ u n g . ~  Pressures 
were read from a closed manometer which had been checked against a 
standard barometer. Temperatures were determined by means of a two- 
junction, iron-constantan thermopile in connection with an accurate 
potentiometer and a reflecting galvanometer. The thermopile was cali- 
brated against Bureau of Standards thermometers over the temperature 
range of the experiments. The isoteniscope bulb was suspended in a well- 
insulated air-bath provided with a carefully controlled electrical heating 

3 Smith and Menzies, THIS JOURNAL, 32, 1412 (1910). 
4 Ramsay and Young, J. Chem. Soc., 47,42 (1885). 
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unit, a rapid stirrer and a small observation window. Maintaining the 
temperature constant to *0.1 for a period of one-half minute was suffi- 
cient to allow for lag in the temperature-measuring device. Pressures are 
accurate to =t 0.2 mm. ; temperatures to * 0.2 O. 

Temperature-pressure relationships are expressed by means of the 
Kirchhoff5 formula (Table 11). 

TABLE II 
PRESSURE-TEMPERATURE RELATIONSHIPS OF LEVULINIC ACID ESTERS 

B. p. (760 mm.), 
Alkyl Log P calcd. OC. 

n-Heptyl 19.3441 -3.4634 log T-3876.49/T 283.5 
n-Octyl 16.9838-2.5904 log T-3938.57/T 291.1 
n-Nonyl 13.0149 -1.2273 log T-3852.21T 298.0 
n-Decyl 28.5652-6.0977 log T-5120.54/T 306.5 

Discussion 
That the esters decompose to form more volatile compounds upon 

heating was demonstrated by several observations. Vapor pressure data 
obtained for isobutyl levulinate by the static method3 showed values in 
excellent agreement in the lower temperature range with those previously 
found by the dynamic r n e t h ~ d , ~  but definite deviations above those deter- 
mined by the dynamic procedure were observed as the temperature was 
raised and the time of heating prolonged (Fig. 1). That this phenomenon 
may be indicative of decomposition has been noted in the case of n-valero- 
l a~ tone .~  The beginning of the deviation is so definite that i t  recommends 
this method of dual determinations as a means of ascertaining the tempera- 
ture at  which decomposition begins. Data obtained for the new esters by 
the static method show at  elevated temperatures similar high pressure 
values that cannot be made to conform to the Kirchhoff formula. Besides 
this, substantiation of this conclusion was found in the fact that a test 
run using n-octyl levulinate that had been once used for a vapor pressure 
determination gave high pressure values throughout the entire temperature 
range. Furthermore, it may not be without significance that all of the 
esters turned from colorless to yellow during the runs, the color being more 
intense at  the surface exposed to the air. 

The inconsistent pressure values (near atmospheric pressure) were dis- 
regarded in the formulation of the equations (Table 11). The effect of 
decomposition is, therefore, to produce only a slight modification of the 
slope of the equation in the region of high pressure, which tends to make 
the calculated values for the boiling points slightly low and the values for 
the heats of vaporization and molar entropies slightly high. 

Although the purified esters were kept in brown bottles protected from 
the light, they appeared to decompose partially upon standing. A fraction 

Kirchhoff, Ann. physik. Chem. (Poggendorj), 103,185 (1858). 
Schuette and Thomas, THIS JOURNAL, 52,2028 (1930). 



more volatile than the freshly prepared ester was obtained upon redistilla- 
tion, the refractive index was lowered and the esters assumed a faint yellow 
color after a period of weeks. For this reason, freshly distilled material 
was used in the vapor pressure measurements. 

100 150 200 250 300 
Temperature, O C .  

Fig. 1.-Deviation between observed and calculated vapor 
pressures of alkyl esters of levulinic acid. Ordinate graduations 
represent 10-mm. intervals; duplicate runs are indicated by 
unbroken and broken lines, respectively. 

The excess of the molar entropies (Table 111) over the average value of 
27.3 given by Hildebrand7 for normal liquids, is due in part to the result of 
decomposition though there is no apparent reason to suspect that the 
excess is not due partially to association of the liquids since all of the lower 
esters showed entropy values above the normal fipre. 

ENTROPIES OF VAPORIZATION OF THE ALKYL LEVULINATES 
Molar heat of 

Temperature, vaporization Entropy of 
Alkyl OA. (cal. mole) vaporization 

n-Heptyl 496.2 14339.0 28.9 
n-Octyl 507.2 15559.5 30.7 
n-Nonyl 515.9 16341.8 31.7 
n-Decyl 524.4 17210.0 32.8 

7 Hildebrand, THIS JOURNAL, 37, 970 (1915). 
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Summary 
Four new esters of levulinic acid have been prepared and characterized 

by some of their physical properties. Evidence has been presented to 
show that these esters decompose at their boiling points near atmospheric 
pressure. 

MADISON, WISCONSON 

[CONTRIBUTION PROM THE CHEMISTRY LABORATORY OF THE UNIVERSITY OP MICHIGAN] 

The Photochemical Reduction of Ketones to Hydrols 

It has recently1 been shown that a small amount of sodium alcoholate 
can effect the decomposition of a large amount of benzopinacol into a 
mixture of benzohydrol and benzophenone. It occurred to us that through 
this r e ~ ~ t i o n  it sho~!d be poss;FI!e tc! obtzi,;,n hyrlro!e hy photochemical 
reduction of ketones. From the classical work of Ciamician and Silber2 

i t  is known that if an alcoholic solution of benzophenone is exposed to 
sunlight, the benzophenone is reduced to benzopinacol a t  the expense of the 
alcohol, which is oxidized to aldehyde. Cohen3 showed that a number of 
substituted ketones can be reduced to pinacols in the same manner and he 
found that a variety of primary and secondary alcohols can be used as 
reducing agents. It appeared that if a small amount of sodium alcoholate 
was present in the alcoholic solution of the ketone which was exposed to 
sunlight, a combination of the two reactions would take place: (I) reduc- 
tion of the ketone to pinacol and (2) decomposition of the pinacol into 
hydrol and ketone. The ketone that is regenerated in the second reaction 
would go through the series of reactions until the hydrol was the sole 
product. 

Actually, we found that if a small amount of sodium alcoholate is present 
in the alcoholic solution, the reduction proceeds exactly as expected; no 
pinacol is obtained; instead, the hydrol is formed in nearly quantitative 
yield. For the reaction we employed isopropyl alcohol in preference to ethyl 
alcohol because the reduction with this alcohol is more rapid and the oxida- 
tion product, acetone, is not affected by alkali so readily as is acetaldehyde. 
The reactions that take place are expressed in the following formulation 

Bachmann, THIS JOURNAL, 55,355 (1933). 
Ciamician and Silber, Ber., 33,2911 (1900). 
Cohen, Rec. trav. chi9n.. 39,242 (1920). 



2(CsHs)zCONa + 2(CH3)2CHOH = ~(CBHS)ZC-OH + 2(CH3)2CEIONa (2b) 
J. 

(CbH6)zCO -k (CeH5)zCHOH (24  

As fast as the pinacol is formed by the photochemical reaction (Equation 1) 
i t  reacts with the sodium alcoholate and gives sodium pinacolate4 (Equation 
2a). The sodium ketyl radicalss produced by dissociation of the sodium 
pinacolate react with isopropyl alcohol or with pinacol (Equation 2b) ; one 
molecule of the ketyl is converted to hydrol as another goes to ketone (2c). 
The ketone and sodium alcoholate which are regenerated go through the 
series of reactions until all of the ketone has been converted to hydrol. 

In  support of this mechanism may be cited the fact that a solution of 
benzophenone in isopropyl alcohol containing sodium isopropylate becomes 
greenish-blue on exposure to sunlight, the greenish-blue color being charac- 
teristic of the sodium ketyl radical. If the flask containing the colored 
solution is protected from sunlight, the greenish-blue color disappears, an 
indication that the reaction represented in Equation 2b is taking place. 
Renewed exposure to sunlight restores the color. Finally, if this mecha- 
nism is correct, then the greenish-blue color should disappear completely 
when all of the ketone has been reduced. Such is the case. After several 
days of exposure, the solution becomes colorless and remains so. Indeed, 
this proved to be a convenient visual indication that the reaction was a t  
an end 

Further support for this mechanism was furnished by a comparison of the 
rate of reduction of benzophenone to benzohydrol with the rate of reduction 
to benzopinacol. Since the decomposition of the pinacol by sodium 
alcoholate is very rapid, the rate of reduction to hydrol should be nearly the 
same as the rate of pinacol formation. Experiment showed that the rates 
of reduction are practically equal; under nearly identical conditions of 
exposure, a 93y0 yield of benzohydrol was obtained when sodium alcoholate 
was present in the time that a 97yo yield of benzopinacol was formed in 
absence of sodium alcoholate. 

Not only benzophenone but a number of other ketones can be reduced to 
hydrols. In every case the alcoholic solutions of the ketones become col- 
ored on exposure to sunlight and this color disappears after several days of 
exposure. The yields of hydrols varied from 80-95yo. Cohen found that 
Michler's ketone, phenyl a-naphthyl ketone, fluorenone and 4-phenyl- 
benzophenone were not reduced to pinacols on exposing alcoholic solutions 
of the ketones. In agreement with our view that the pinacols are the 

For an alternate mechanism of the decomposition of pinacol see Ref. 1. 
Compare Cohen [Rec. trav. chim., 38, 113 (1919)], who considers that pinacols, 

or more likely diphenylhydroxymethyl radicals, (CsHa)zCOH, are intermediate products 
in the reduction of ketones to hydrols by alkaline reducing agents. 
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initial products in the reduction to hydrol, it  was found that Michler's 
ketone and phenyl a-naphthyl ketone are not reduced to hydrols; in fact, 
most of the ketone can be recovered unchanged after prolonged exposure. 
In like manner, fluorenone is not reduced in the manner of benzophenone; 
however, the ketone does not remain unaffected but undergoes a reaction 
which is not a photochemical process. To  our surprise 4-phenylbenzo- 
phenone was reduced nearly quantitatively to 4-phenylbenzohydrol. 
According to our mechanism the ketone should give pinacol when an alco- 
holic solution without sodium alcoholate is exposed. Actually we found 
that in isopropyl solution the ketone is reduced to the pinacol, 4,4'-di- 
phenylbenzopinacol. 

Experimental 
Photochemical Reduction of Ketones to Hydrols.-Three grams of benzophenone 

was added to a solution of sodium isopropylate which had been prepared from 0.03 g. of 
sodium and 30 cc. of anhydrous isopropyl alcohol in a 30-cc. test-tube. The tube was 
corked and exposed to direct sunlight. Almost immediately the solution assumed a 
greenish-blue color. This color disappeared when the solution was exposed to air or 
when it was protected from sunlight. After four days the solution was colorless in 
bright sunlight, indicating that the reaction was a t  an end. The solution was poured 
into an evaporating dish and was diluted with an equal volume of acidified water. On 
evaporation the benzohydrol crystallized out; it was filtered off, dried and recrystal- 
lized from petroleum ether; yield, 2.98 g. (98%). Experiments in which ethyl alcohol 
was used were not successful because of the reactions undergone by the acetaldehyde. 

In one experiment 25 g. of benzophenone in a 150-cc. Pyrex flask was dissolved in 
125 cc. of isopropyl alcohol with which 0.25 g. of sodium had reacted. After one week of 
exposure 20 g. of benzohydrol was obtained. When the reaction was camed out in a 
long tube the reaction was complete in three days. 

A comparison of the rate of reduction to hydrol with the rate of reduction to pinacol 
was made by exposing two tubes of the same size side by side; one tube contained so- 
dium alcoholate, the other did not. After four days the one tube gave a 9370 yield of 
benzohydrol and the other gave a 97y0 yield of benzopinacol. 

In  Table I are given the results obtained by reducing a number of ketories; in each 
case 3.0 g. of ketone was reduced in the same manner as described for benzophenone. 
The crude hydrol was recrystallized from a mixture of benzene and petroleum ether; 
the yields given in the table are based on recrystallized product. 

The reaction between fluorenone, isopropyl alcohol and sodium isopropylate is not a 
photochemical process since the same products result when the mixture is kept in a dark 
place; heat and not light is the chief factor in hastening the reaction. It is well known 
that ketones are reduced to hydrols when the ketone is heated for a long time with an 
alcoholic solution of sodium hydroxide but it is not recognized that the reaction occurs 
a t  room temperature with a small amount of sodium alcoholate as i t  does with fluorenone. 
We have found that the reaction takes place with benzophenone to a considerable extent 
under the iduence of heat. Five grams of benzophenone was added to a solution of 
sodium alcoholate prepared from 0.06 g. (10%) of sodium and 20 cc. of isopropyl alcohol 
and the mixture was refluxed for fifteen hours on a steam-bath; hydrolysis gave 3.92 g. 
(78%) of benzohydrol. The reaction is best explained by the following formulation 
which shows that a small amount of sodium alcoholate should be sufficient for reduction 



Ketone 

Benzophenone 
4-Methylbenzophenone 
4,4'-Dimethylbenzophenone 
4-Methoxybenzophenone 
4-Chloro-4'-methylbenzophenonea 

4-~henylbenzo~henone~ 
4-Chlorobenzophenone 
Michler's ketoneC 
Phenyl a-naphthyl ketoned 

Fluorenonee 

Color during Time of ex- 
redlrction posure, days 

Greenish-blue 
Greenish-blue 
Blue 
Greenish-blue 
Blue 
Green 
Green 
None 
None 

a The yields of halogen-substituted hydrols are lower because some of the halogen 
is removed in the reaction. This is especially true when the halogen is in the ortho 
position; the corresponding hydrols cannot be prepared conveniently by this method. 

Although Cohen reported that this ketone is not reduced to the pinacol in ethyl 
alcohol solution, we find that the reduction took place when a suspension of the ketone 
in isopropyl alcohol was exposed to sunlight. The pinacol was recrystallized from a mix- 
ture of acetone and chloroform and was obtained in the form of colorless needles which 
melted a t  198' and which proved to be identical with the pinacol produced by reduction 
of the ketone by a mixture of magnesium and magnesium iodide [Gomberg and Bach- 
mann, THIS JOURNAL, 49,236 (1927) 1. 

" After thirty-three days of exposure, 80% of the ketone was recovered; some de- 
composition products were present. 

A 70% yield of pure ketone was recovered. 
' Three tubes containing isopropyl alcohol solutions of fluorenone were exposed 

simultaneously. One tube contained no sodium alcoholate; another tube had sodium 
alcoholate in it; the third tube contained sodium alcoholate but the tube was wrapped 
in a black cloth. The tube that contained no sodium alcoholate remained unchanged; 
after twenty-two days of exposure the fluorenone was recovered entirely unaffected. 
Both tubes containing sodium alcoholate became dark-brown and nearly black in color; 
after six days the solution was light-brown. Hydrolysis gave a 44% yield of fluorenol 
from the uncovered tube and a 56% yield from the covered tube. Prolonged exposure 
gave fluorenone and other products. Practically the same results were obtained from a 
solution which was kept in the dark for the same length of time. 

A study is being made of the action of this reducing mixture on other ketones and on 
other types of compounds. In order to determine whether any benzohydrol is formed 
by this reaction by the heat received during exposure to sunlight, two tubes were exposed 
side by side, one of which was wrapped in a black cloth. In the time that the uncovered 
tube gave a 93% yield of benzohydrol, only 10% of the ketone in the covered tube was 
affected. The products presented in Table I represent, therefore, the results of photo- 
chemical reduction nearly entirely. 

Preparation of Benzopinacol by Photochemical Reduction of Benzophenone.-We 
have confirmed the excellent work of C ~ h e n , ~  who obtained a quantitative yield of benzo- 
pinacol by exposing 10 g. of benzophenone in 16 cc. of isopropyl alcohol. From the 
standpoint of preparation we find it more convenient to use a larger amount of alcohol 
and have prepared benzopinacol by the procedure which follows. A solution of 50 g. of 

6 Cohen, Ret. trav. chim., 39,245 (1920). 
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benzophenone in 450 cc. of isopropyl alcohol contained in a 500-cc. round-bottomed 
Pyrex flask is supported in an inverted position on a tripod and exposed to direct sunlight. 
After three hours crystals of benzopinacol are present. After one week 45 g. of benzo- 
pinacol is filtered off. To the filtrate is added a further 50 g. of ketone and the solution 
is again exposed to sunlight. This procedure was repeated until 300 g. of pinacol was 
obtained. 

In one experiment a solution of 400 g. of benzophenone in 400 cc. of isopropyl alco- 
hol arid 400 cc. of benzene was exposed. After one month a quantitative yidd of pinacol 
was obtained. The disadvantage of using benzene lies in the fact that the pinacol crys- 
tallizes with benzene of crystallization in the form of a compact mass which is difficult 
to remove from the flask. 

Summary 
Benzophenone and certain substituted -benzophenones are reduced 

nearly quantitatively to hydrols when solutions of the ketones and a small 
amount of sodium isopropylate in isopropyl alcohol are exposed to sunlight. 

The mechanism of the reaction has been elucidated. The ketone is 
reduced initially to the corresponding pinacol by a photochemical reaction; 
the pinacol is then converted to a mixture of ketone and hydro1 by the 
action of the sodium alcoholate and alcohol; the ketone that is regenerated 
in this manner goes through the series of reactions again. 

ANN ARBOR, MICHIGAN RECEIVED JULY 29, 1932 
PUBLISHED JANUARY 11, 1933 

Researches on Nitrogenous Glycosides. 11. The Synthesis 
of Glycosido Ureidesl 

The present investigation2 was undertaken in order to develop a general 
method for the preparation of glycosido ureides of the hydantoic acid and 
hydantoin types. Glycosidohydantoins and their reduced forms, the 
unknown glycosidoimidazoles, are of interest because of their structural - .  

relationship to the natural purine nucleosides. In addition, it was believed 
that a study of such nitrogenous glycosides would be of biochemical im- 
portance in relation to the problem of the structure of naturally occurring 
protein-carbohydrate complexes. 

The interest in the latter field has recently received an added stimulus in 
the discovery that carbohydrate units form integral parts of the proteins 
of blood serum3 and egg white,* which were formerly considered simple 

(1) Constructed from a dissertation presented by Katherine M. Haring to  the Faculty of the 
Graduate School of Yale University in June, 1932, in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy. 

(2) The research described was supported in part by a grant from the Therapeutic Research Com- 
mittee of the American Medical Association for 1930-1931 and 1931-1932. 

(3) Rimington, Biockem. J., 23, 430 (1929); 25, 1062 (1931). 
(4) Levene and Mori, J. Biol. Chem., 84, 49 (1929). 
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proteins. Furthermore, since bacterial polysaccharides which in the free 
state show typical hapten reactions, exist in the bacteria in a state which 
renders them not only type specific but also antigenic, it is believed that 
they must be joined to another molecule-probably protein. The most 
striking evidence in favor of this view has been contributed by the re- 
searches of Goebel and A ~ e r y . ~  

Since carbohydrate fractions appear to be intimate parts of the structure 
of certain simple proteins and since there is evidence that bacterial poly- 
saccharides may be associated with proteins in the parent cell, it becomes 
very important to study the kinds of linkages which might exist between 
them. The carbohydrates of serum proteins and of egg proteins have been 
found to be very firmly bound in the combined molecules, whereas several 
bacterial polysaccharides have easily been obtained in the free state. It is 
probable, therefore, that the types of linkages involved in such cases vary 
widely. 

The method of coupling sugars with amino acids by direct union with the 
free amino groups gives combinations which are easily susceptible to 
hydrolysis. A synthetic compound resulting from such a union was 
obtained by Euler and Zeilel8 who condensed glycine ester with glucose in 
the presence of active aluminum. Maurer and his co-workers7 had previ- 
ously studied the reaction between bromoacetoglucose and sarcosine amide. 
They were able to deacetylate the resulting compound to obtain sarcosine 
amide glycoside. An extension of this method to other amino acids and 
peptides led to the formation of a number of acetylated derivatives. Euler 
was able to apply Maurer's method further to the preparation of glycyl- 
glycine glycoside. Both Maurer and Euler found that these derivatives 
which contained glucose directly linked to the amino acids or peptides were 
unstable in aqueous alkali solution. 

The main object of the research presented here has been to develop a 
general method for coupling amino acids with sugars through an urea 
bridge. The synthetic methods which are involved in the preparation of 
glycosidothiohydantoic acid (VII), N-1-glycosido-2-thiohydantoin (VI), 
glycosidohydantoic acid (VIII), and N-1-glycosidohydantoin (IX) are 
shown in the accompanying chart. 

Tetracetylglucose isothiocyanate, which was described originally by 
Fischerls condensed smoothly and almost quantitatively with glycine ethyl 
ester hydrochloride, in the presence of pyridine, to give ethyl tetracetyl 
glycosidothiohydantoate (I). The practically quantitative removal of the 
acetyl groups from (I) with the formation of ethyl glycosidothiohydantoate 
(111) was accomplished by the use of alcoholic hydrogen chloride. I t  was 

(5) Goebel and Avery. J. E x p .  Med., 64.  431, 487 (1931). 
(6) Euler and Zeile, Ann., 487, 163 (1931). 
(7) Maurer and Schiedt, Z. physiol.  Chem. ,  206, 125 (1932). 
(8) Fischer, Ber., 47, 1382 (1914). 
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more practical, however, to simultaneously deacetylate and deesterify (I) 
by saponification with alcoholic potassium hydroxide. The potassium 
salt (IV) which resulted could be subsequently hydrolyzed with cold acid to 
give glycosidothiohydantoic acid (VII) or with hot acid to give N-l-glyco- 
sido-2-thiohydantoin (VI). 

The oxygen analogs of the compounds which have been described were 
prepared from ethyl tetracetylglycosidohydantoate (11). This substance 
resulted when ethyl tetracetylglycosidothiohydantoate (I) was treated 
with alcoholic silver nitrate solution according to the procedure described 
by Dixon

g 
for the desulfurization of thioureas. Deacetylation and de- 

esterification of (11) was accomplished by saponification with alcoholic 
potassium hydroxide. The resulting potassium salt (V) was then trans- 
formed with cold acid into glycosidohydantoic acid (VIII) or with hot acid 
into N-1-glycosidohydantoin (IX). 

SYNTHESIS OF GLYCOSIDO UREIDES 

Acetoglucose 
I 

HCINHZCHZCOOCZH~ /"" 
Pyridine 

Acetoglucose A ~ N O ~  Acetoglucosc 

I 
NHCSNHCH~COOCZHG NHCONHCHzCOOCaHs 

Glucose 

I KOH alc. i (I) 

I 
Glucose 

alc. I 
Glucose 

KOH 

L-------f ~JHCSNHCH~COOK 
I 
NHCONHCHzCOOK Hot/z Cold acid I 'Iv) / x i a c i d  

G1ucose.N----CO Glucose Glucose G1ucose.N-CO 

Ls 1 I Lo 1 
1 NHCSNHCHZCOOH NHCONHCHzCOOH I 

NH-CHz NH-CHz 

(11) 

alc. 

(VI) (VII)  (VIII )  (IX) 

The glycosido ureides prepared in this investigation resemble the glyco- 
sido amino acid and peptide combinations of Euler and Zeile and Maurer 
and Schiedt in their behavior toward hydrolytic agents. On the other 
hand, they show a marked contrast to the purine and pyrimidine glycosides 
described in the literature. The purine nucleosides are readily hydrolyz- 

(9) Dixon, J. Chem. Soc., 556 (1895). 
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able by acids but remain intact on treatment with alkalies, whereas the 
pyrimidine nucleosides are much more resistant even to acid hydrolysis.1° 
Glycosidohydantoic acid (VIII) and N-1-glycosidohydantoin (IX), how- 
ever, represent a type of glycoside which is much more susceptible to 
hydrolysis than the purine nucleosides since they readily reduce Fehling's 
solution. In the case of glycosidothiohydantoic acid (VII) and N-l- 
glycosido-2-thiohydantoin (VI) colored side reactions make it impossible 
to observe any reduction with Fehling's solution although hydrolysis 
probably does occur. The ease with which these compounds are hydro- 
lyzed by hot acid has been shown to be one of the factors which causes the 
small yields in the preparation of both N-1-glycosido-2-thiohydantoin and 
N-l-glycosidohydantoin. Research will be continued in this field in order 
to extend the method of synthesis, which has been described, to other sugars 
and to other amino acids and peptides. 

Experimental Part 
Tetracetyl-d-glucose 1sothiocyanate.-For the preparation of tetracetylglucose 

isothiocyanate a modification of Fischer's method8 was found necessary. 
A solution of 25 g. of bromoacetoglucose in 150 cc. of xylene was treated with I6 

g. of solid silver thiocyanate. The mixture was refluxed over a small free flame for one 
to  two hours until the supernatant liquid became reddish-brown. The solution was then 
allowed to cool, filtered from the silver salts, and diluted with about 100 cc. of petroleum 
ether. The red-brown gum which in most cases was thrown out on the stirring rod and 
sides of the beaker was discarded. Tetracetylglucose isothiocyanate was precipitated 
by slowly decanting the supernatant liquid from the red gum into 250 cc. of iced pe- 
troleum ether. The total yield varied from 50-87y0. 

The crude isothiocyanate could be recrystallized from a hot alcohol solution which 
was cooled quickly in an ice-bath or from a chloroform solution which was poured slowly 
into a large volume of petroleum ether. The latter method was more satisfactory. The 
products from the two methods of recrystallization did not show the different characteris- 
tics which Fischer described. In  either case the purified compound melted a t  112-114°.11 

Ethyl Tetracetyl-d-glycosidothiohydantoate (I).-Eight grams of glycine ethyl ester 
hydrochloride was suspended in a solution of 20 g. of tetracetylglucose isothiocyanate 
and 6 cc. of pyridine in 150 cc. of chloroform and the mixture was refluxed on the steam- 
bath for a t  least three hours. When heating was discontinued the chloroform solution 
was evaporated to  dryness in oacuo. The residual gum was stirred vigorously with 
100-150 cc. of water and was alternately warmed on the steam-bath and cooled in ice 
until i t  hardened. Incomplete removal of the chloroform occasionally prevented the 
hardening of the gum. After standing in the ice-bath the caked product could be 
crushed t o  a powder. The yield was 96%. 

Ethyl tetracetylglucosidothiohydantoate was very soluble in acetone and hot ethyl 
alcohol, soluble in cold ethyl alcohol (1 g. in 20 cc.), cold methyl alcohol, and cold ben- 
zene, and practically insoluble in ether, petroleum ether and water. Twenty-two grams 
of crude material was recrystallized from about 300 cc. of 50% alcohol. The purified 
substance separated in rosets of short, creamy-white needles which melted a t  151-152.5 ". 
I t s  specific rotation was [a]': +6 O in chloroform solution. A sample was dried in  vacuo 
a t  100" for analysis. 

(10) 1,evene and Bass, "Nucleic Acids," Chemical Catalog Co., New York, 1931, pp. 144-145. 
(11) The melting points given are c~rrectecl melting points. 
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Anal. Calcd. for C19HzsOllNgS: C, 46.34; H, 5.72; N, 5.69; S, 6.50. Found: 
C, 46.43; 13, 5.68; N, 5.68; S, 6.50. 

If the time of heating the original reaction mixture was less than three hours, small 
amounts of tetracetylglucose thiourethan, melting a t  156-157', were isolated from the 
recrystallization filtrate, showing that the reaction had been incomplete. Mixed with 
tetracetylglycosidothiohydantoic ester, this compound melted a t  129-131 ". 

Ethyl d-Glycosidothiohydantoate (III).--Ethyl tetracetylglycosidothinhydantoate 
(1) could be deacetylated either in acid or alkaline medium. When alcoholic hydrogen 
chloride was the reagent used, the product was ethyl glycosidothiohydantoate. 

Five cc. of absolute alcohol saturated with dry hydrogen chloride was added to a 
warm solution of 10 g. of ethyl tetracetylglycosidothiohydantoate in 100 cc. of absolute 
alcohol. After this solution had stood overnight a t  room temperature it was concen- 
trated to a thick sirup, diluted with absolute alcohol and concentrated again. It was 
then diluted once more with 100 cc. of absolute alcohol and again allowed to stand in the 
ice box. The total yield of ester obtained by carrying out this procedure repeatedly was 
95%. 

Ethyl glycosidothiohydantoate crystallized in iridescent, white plates which con- 
tained alcohol of crystallization. It was very soluble in water, soluble in hot absolute 
alcohol (1 g. in 50 cc.) and hot ethyl acetate (1 g. in 230 cc.), but much less soluble in 
cold absolute alcohol (1 g. in 400 cc.) and cold ethyl acetate (1 g. in 1100 cc.). It could 
be recrystallized from either of the latter solvents. The melting point of the purified 
product was indistinct. It softened a t  about 110" and melted with the evolution of gas 
a t  119-121 O. If the heating was more rapid it melted only partially with the evolution 
of gas a t  119-121 and liquefied completely a t  154-155'. Its optical rotation was [a]'; 
-31.3" in water solution. A sample, dried to constant weight in vacua a t  room tem- 
perature, gave analyses showing the presence of one mole of alcohol of crystallization. 

Anal. Calcd. for CIIH~~O~NZSCZH~OH: N, 7.57. Found: N, 7.52,7.44. 

This crystalline form of the product could be freed from alcohol only with great 
difficulty due to its tendency to decompose on prolonged heating. The best result was 
obtained when a sample was heated in an Abderhalden drier over calcium chloride a t  
76" for six weeks and then a t  100' for two days. The total loss in weight was 12.97%. 
This corresponded to the theoretical loss in weight of 12.44% due to one mole of alcohol 
of crystallization. The alcohol-free product was a tan colored powder which melted 
a t  152-155" and decomposed a t  about 162 ". 

Anal. Calcd. for Cl1H2oO7NzS: N, 8.64. Found: N, 8.69. 

When this alcohol-free modification was recrystallized from absolute alcohol it 
reverted to the original crystalline form. 

When a large excess of alcoholic hydrogen chloride was used to catalyze the de- 
acetylation of (I), the monohydrochloride of ethyl glycosidothiohydantoate was formed 
as a by-product. It was precipitated by pouring dropwise into a large volume of dry 
ether the sirupy alcoholic filtrate from which ethyl glycosidothiohydantoate itself had 
been separated. Purification of the hydrochloride could be accomplished by dissolving 
it in absolute alcohol and reprecipitating it with dry ether. The purified substance was 
a tan, amorphous powder which was very hygroscopic. When dry it melted with the 
evolution of gas a t  73-75 ". 

Anal. Calcd. for CI~H~OO~N~S,HCI: N, 7.76; HCI, 10.11. Found: N, 7.58, 7.50: 
HCI, 10.25. 

Potassium d-Glycosidothiohydantoate (IV).-When alcoholic potassium hydroxide 
was the reagent used to deacetylate (I), the ester grouping was saponified simultaneously 
and potassium glycosidothiohydantoate was formed. Alcoholic potassium hydroxide 
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was used in preference to alcoholic ammonia because the potassium salt which resulted 
was more satisfactory to handle than the corresponding ammonium salt. 

A solution of 1.5 g. of potassium hydroxide in 20 cc. of alcohol was added to a warm 
solution of 5 g. of ethyl tetracetylglycosidothiohydantoate in 75 cc. of alcohol. A floccu- 
lent pink precipitate was formed immediately when the two solutions were mixed. 
When the supernatant liquid had become clear the pink solid was filtered and washed 
with alcohol. When dry it was a hygroscopic, pink powder which decomposed a t  137- 
141 ". I t  could be prepared equally well by the saponification of (111) with alcoholic 
potash. Potassium glycosidothiohydantoate was used in the crude state for the prepara- 
tion of glycosidothiohydantoic acid (VII) and N-l-glycosido-2-thiohydantoin (VI). 

d-Glycosidothiohydantoic Acid (VII).-A water solution of 5 g, of potassium glyco- 
sidothiohydantoate was treated with 4 cc. of approximately 6 N sulfuric acid and the 
mixture was allowed to stand for four hours a t  room temperature. I t  was then concen- 
trated in  vacuo and poured into about 200 cc. of absolute alcohol. The atrate from the 
precipitated potassium sulfate was concentrated again in  vacuo until crystals of glyco- 
sidothiohydantoic acid separated. The maximum yield was 54%. If a considerable 
excess of sulfuric acid was used originally to neutralize the potassium salt, the mother 
liquor yielded finally crystals of ethyl glycosidothiohydantoate which evidently resulted 
from the esterification of the free acid. 

The crude acid was recrystallized from alcohol. One gram dissolved very slowly 
in about 300 cc. of boiling alcohol. Since the solubility of the acid was not appreciably 
greater in hot than in cold alcohol, the solution was concentrated to half volume or less 
before cooling. The recrystallized compound decomposed a t  180.5-181" when it was 
heated slowly. Rapid heating raised the decomposition point several degrees. Its 
specific rotation was [a]: -36.1 in water solution. A sample was dried at  100' in  
vacuo for analysis. 

Anal. Calcd. for CsHls07N2S: C, 36.49; H, 5.45; N, 9.46. Found: C, 36.45; 
H, 5.50; N, 9.46,9.39. 

When a water solution of (VII) was boiled with Fehling's solution it became dark 
gray-green. The precipitate which settled was dark brown. Probably the sulfur caused 
side reactions which made it impossible to observe the reduction. 

N-l-d-Glycosido-2-thiohydantoin (VI).-N-l-Glycosido-2-thiohydantoin was pre- 
pared by heating a solution of 2 g. of potassium glycosidothiohydantoate in 50 cc. of 
approximately 6 N hydrochloric acid for one-half hour on the steam-bath. The solution 
was rhen concentrated in vacuo to about 10 cc. and poured into 50 cc. of absolute alcohol. 
The precipitate of potassium chloride which formed was filtered out and the filtrate was 
concentrated in vacuo to a thin sirup which was diluted with about 50 cc. of amyl alcohol. 
The cloudy solution which resulted was concentrated in vacuo until an amorphous pre- 
cipitate began to form on the sides of the flask. This product, which shriveled at  about 
70' and decomposed at 111-12l0, was discarded. The filtrate, when concentrated fur- 
ther in vacuo, yielded fine, yellow crystals of glycosidothiohydantoin, which decomposed 
a t  about 226". The maximum yield was 33%. 

This compound was recrystallized from absolute alcohol. One gram dissolved 
slowly in about 85 cc. of boiling alcohol and was about one-half as soluble cold. The 
purified product separated in the form of pale yellow plates which darkened when heated 
a t  about 216" and melted with decomposition a t  224225". Its specific rotation was 
[aIa: +22.g0 in water solution. A sample was dried a t  100' in vacuo for analysis. 

Anal. Calcd. for C~HI~OBN~S: C, 38.86; H, 5.08; N, 10.07. Found: C, 39.22; 
H, 5.17; N, 9.87. 

When a water solution of N-l-glycosido-2-thiohydantoin was added to Fehling's 
solution it turned yellowish-brown in the cold and formed a dark yellow precipitate on 
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heating. Since N-1-glycosidohydantoin reduced Fehling's solution under similar con- 
ditions, it is probable that the sulfur in the former case caused the colored side reactions. 

In addition to glycosidothiohydantoin, the amyl alcohol mother liquor from the 
reaction previously described yielded a second type of crystalline compound. When 
heated, it turned dark brown at  about 159' and decomposed at  221-231 '. It could be 
recrystallized from absolute alcohol but was more soluble in amyl alcohol than glyco- 
sidothiohydantoin and much less soluble in water. Nitrogen analyses did not serve to 
identify the substance as thiohydantoic acid or thiohydantoin but indicated clearly that 
the glucose part of the molecule was no longer present. The latter conclusion was sup- 
ported M h e r  by the fact that this was the only crystalline product which resulted when 
the original reaction mixture was heated for periods longer than one-half hour. N-l- 
Glycosido-2-thiohydantoin was apparently not very stable toward acid hydrolysis. 

Ethyl Tetracetyl-d-glycosidohydantoate (II).-Ethyl tetracetylglycosidohydantoate 
was prepared by desulfurizing (I). 

A hot solution of 10 g. of ethyl tetracetylglycosidothiohydantoate in 150 cc. of alco- 
hol and a solution of 7.5 g. of silver nitrate in 20 cc. of water were mixed and heated on 
the steam-bath. After five minutes an alcoholic solution of 2.2 g. of potassium hydrox- 
ide was added to neutralize the nitric acid set free from the silver nitrate. This pro- 
moted the coagulation of the silver sulfide and helped to prevent the nitric acid from hy- 
drolyzing off the acetyl groups of the sugar. The solution was heated until the silver 
sulfide coagulated. Then it was cooled and filtered through a norit mat. The filtrate 
was concentrated in vacuo to about 50 cc. and diluted with 3-4 volumes of water. When 
the solution was stirred vigorously to start precipitation the desulfurized ester was ob- 
tained in 48% yield. 

Ethyl tetracetylglycosidohydantoate was recrystallized from absolute alcohol. 
One gram was soluble in about 10 cc. of hot and about 30 cc. of cold absolute alcohol. 
It was practically insoluble in water but was much more soluble in 50y0 than in absolute 
alcohol. The recrystallized product separated in the form of long, white needles which 
melted at  149-149.5'. Its specific rotation was [or12 -3' in chloroform solution. A 
sample was dried at  100 O in vacuo and analyzed. 

Anal. Calcd. for ClsHesO~zNz: C, 47.89; H, 5.92; N, 5.88. Found: C, 47.57; 
H, 5.93; N, 5.93. 

Potassium d-Glycosidohydantoate (V).-A solution of 1.5 g. of potassium hydroxide 
was added to a warm solution of 5 g. of ethyl tetracetylglycosidohydantoate in 75 cc. of 
alcohol. A white precipitate of potassium glycosidohydantoate formed immediately. 
The crude salt, which decomposed at  134-137", was used in the preparation of glycosido- 
hydantoic acid (VIII) and N-1-glycosidohydantoin (IX). 

d-Glycosidohydantoic Acid (VIII).-Twenty cc. of approximately 1 N hydrochloric 
acid was added to a water solution of 4 g. of potassium glycosidohydantoate and the 
mixture was allowed to stand at  room temperature. After four hours the solution was 
concentrated in vacuo to about 10 cc. and diluted with 100 cc. of absolute alcohol. 
When the filtrate from the precipitated potassium chloride was allowed to stand in the 
ice-bath crystals of glycosidohydantoic acid separated. The total yield was 55%. 

The crude product was recrystallized from alcohol. One gram dissolved in 80 cc. 
of boiling and in 500 cc. of cold alcohol. The purified acid readily reduced Fehling's 
solution. It melted with decomposition at  169.5-170' when it was heated slowly and 
had a specific rotation of [or]? -25.8' in water solution. A sample was dried a t  100' 
in vacuo and analyzed. 

Anal. Calcd. for C9H1608N~: C, 38.57; H, 5.71; N, 10.00. Found: C, 38.40; H, 
5.95; N, 9.82, 9.90. 

N-1-d-Glycosidohydantoin (IX).- A solution of 2 g. of potassium glycosidohydanto. 
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ate in 25 cc. of approximately 6 Nhydrochloric acid was heated on the steam-bath for one- 
half hour. It was then concentrated in vacuo to about 10 cc. and poured into 100 cc. 
of absolute alcohol. The filtrate from the precipitated potassium chloride was concen- 
trated in vacuo, diluted with more absolute alcohol and concentrated again to about 25 
cc. This thin sirup was diluted with about 75 CC. of amyl alcohol, cooled in an ice-bath 
and filtered from the sticky, amorphous precipitate which formed. This product, which 
shriveled a t  60' and decomposed a t  110-115°, was discarded. When the mother liquor 
was cooled further in the ice-bath fine, white crystals of N-1-glycosidohydantoin were 
deposited on the walls of the beaker. The total yield was 25%. 

The crude product was very slightly soluble in hot absolute or 95% alcohol. I t  
could best be recrystallized by dissolving it in cold 50% alcohol, adding 3 4  volumes of 
absolute alcohol and concentrating the resulting solution until crystals just began to 
separate. When the concentrated solution was allowed to stand in the ice box, N-l- 
glycosidohydantoin crystallized in rosets of very short, fine, white needles, which de- 
composed a t  270-271 O. Its specific rotation was [a]? +5O in water solution. When it 
was boiled with Fehling's solution there was a decided reducing effect. A sample was 
dried in vacuo at 100' and analyzed. 

Anal. Calcd. for CS.H~PO~N~: C, 41.22; H, 5.39; N, 10.69. Found: C, 40.98; 
H, 5.46; N, 10.63. 

The amyl alcohol mother liquor yielded, in addition to N-1-glycosidohydantoin, 
small amounts of a second crystalline compound which melted with decomposition a t  
about 178-194'. Further work will be necessary to identify it. Probably, however, 
as in the case of the second compound isolated from the preparation of N-l-glycosido-2- 
thiohydantoin, this compound had also lost the glucose part of the molecule. 

Summary 

1. A general method has been developed for the synthesis of four new 
glycosido ureides, d-glycosidothiohydantoic acid (VII), N-l-d-glycosido-2- 
thiohydantoin (VI), d-glycosidohydantoic acid (VIII), and N-l-d-glyco- 
sidohydantoin (IX). This investigation involved the preparation of a 
number of intermediate acetylated and deacetylated derivatives of glyco- 
sidothiohydantoic acid and glycosidohydantoic acid. 

2. A study of the final glycosido ureides has shown that they differ in 
chemical properties from the synthetic glycosido pyrimidines and purines, 
but resemble the synthetic glycosido amino acids and peptides which have 
been described in the literature. 
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Orientation in the F'uran Nucleus. 111. 5-Methyl-3-furoic 
Acid1 

Introduction 

It is rather astonishing that despite the long history of furan con~pounds 
very little is known definitely concerning orientation in the furan nucleus. 
There are several reasons for this. First, furan compounds are reputedly 
highly sensitive to acidic reagents, and it is just such reagents which are 
most commonly involved in substitution reactions such as halogenation, 
nitration and sulfonation. Second, there is a pronounced tendency for 
substituents to occupy the alpha-positions when these are available. This 
makes the determination of the position of substituents in furan more dif- 
ficult than in benzene, for absolute methods of orientation (like those used 
with signal success in the classical studies by Korner with benzene) are of 
limited application because not all of the theoretically possible isomers are 
formed in a given substitution reaction starting with furan or a mono- 
substituted furan or a di-substituted furan. Furthermore, if all possible 
isomers were formed and could be isolated, the absolute method for orienta- 
tion would be of restricted applicability as can be readily ascertained by a 
comparison of isomeric furan and benzene types. Third, it is, a t  present, 
difficult to obtain beta-substituted furans, even by indirect methods, and 
only very recently have the simple beta-substituted furans like S-furalde- 
hyde, 3-furansulfonic acid, 3-chloromercurifuran, etc., become accessible. 
Fourth, analogies cannot be made confidently with related heterocycles 
like thiophene. Not only are there essential differences between thiophene 
and furan, but (and this is of greater importance) the positions of elements 
and groups in many nuclear substituted thiophenes have not been deter- 
mined unequivocally. Furthermore, it appears that the structures now 
assigned to some nuclear substituted thiophenes are incorrect, and i t  would 
not be very surprising to find that analogies, if any are to be drawn, will 
be with furan and not with thiophene as a type. Fifth, physico-chemical 
methods have a particularly circumscribed utility, a t  this time, for such 
methods in general turn on comparisons with compounds of known con- 
stitution as standards, and relatively few such compounds are available. 

The particular need is for reference or standard compounds having two 
nuclear substituents. Theoretically, there are four isomeric di-substituted 
furans, in which the nuclear substituents are alike. The paucity of refer- 
ence compounds becomes obvious when we learn that there is no single, 
complete series of di-substituted furans having two like substituents. 

(1) For preceding papers in this series see: Gilmatl and Wright, Iowa State Coll. J.  Sci., 6, 85 
(1931); Gilman, Burtner and Smith, Rec. trau. chim., 51, 407 (1932). 



Theoretically, there are six isomeric di-substituted furans, in which the 
nuclear substituents are unlike. The present synthesis of 5-methyl-3- 
furoic acid (Formula VI) completes such a series, and makes available for 
the first time a group of reference compounds for the determination of the 
position of substituents in poly-substituted furans having both like and 
unlike substituents. 

HC- CCH3 CH3C-CH HC-CH 
11 * 3 1 ~  II II 

HC CCOOH 
II II 

CHIC CCOOH 

"o/ \o/ 

The 5-methyl-3-furoic acid (VI) was synthesized by the following se- 
quence of reactions 

The constitution of 5-methyl-3-furoic acid was confirmed by other re- 
actions. First, it is known that one of the carboxyl groups in the initial 
dibasic acid occupies a 8-position, because preferential pyrolytic decar- 
boxylation gives 3-furoic acid. Second, the methyl group in the ultimate 
product (a methyl-3-furoic acid) is in an a-position because decarboxyla- 
tion yields 2-methylfuran (or sylvan). Only two a-methyl-8-furoic acids 
are possible: namely, IV and VI, and the new methylfuroic acid is cer- 
tainly quite unlike the well-known 2-methyl-3-furoic acid (IV). 

Experimental Part 
Dimethyl 2,4-furandicarboxylate was obtained in a 90% yield in accordance with 

the directions of Feist.? 
4-Carbomethoxy-2-furoic Acid, C4H20(COOCH3)(COOH).-One-tenth mole of 

potassium hydroxide in 50 cc. of absolute methyl alcohol was added to 0.1 mole of the 
dimethyl ester in 50 cc. of methyl alcohol, and after refluxing until no coIor test was ob- 
served with phenolphthalein, the ester salt was acidified in the cold with hydrochloric 
acid to yield 14.5 g. of the ester acid melting a t  100-105". CrystaIIization from water 

(2) Asahina, A d a  Phylochimica, 2, 1 (1924). 
(3) Rinkes, Rec. trav. chim., 50, 1127 (1931). 
(4) Hill, Ber., 22, 607 (1889); Blanksma, Chem. Weekblad, 33, 33 (1912). 
(5) Plancher and AIbini, Atli. acad. Lincei, [ 5 ]  13, I ,  39 (1904); Benary, Ber., 44, 493 (1911); 

Gilman, Burtner and Smith, Rec. traw. chim., 51,  407 (1932). 
(6) Reichstein and Zschokke. Helv. Chim. Acta, 14. 1270 (1931). 
(7) Feist, Ber., 34, 1992 (1901). 
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yielded lustrous white plates melting a t  132.5'; neutralization equivalent, calcd., 170; 
found, 172.8. 

Anal. Calcd. for CiHeOs : C, 49.41 ; H, 3.56. Found : C, 49.42; H, 3.85. 

4-Carbomethoxy-2-furoyl Chloride, C4HeO(COOCH3)(COCI).--The ester acid 
chloride was prepared by heating (after the initial vigorous reaction) a benzrnc solution 
of the ester-acid with thionyl chloride; and, on recrystallization from carbon tetrachlo- 
ride. it melted a t  83-84" 

Anal. Calcd. for C7H504Cl: C1, 18.81. Found: C1, 18.86 and 18.63. 

4-Carbomethoxy-2-furaldehyde, C4H20(COOCH3)(CHO).-Catalytic reduction 
was effected by the procedure of Rosenmund.8 A few details will be given because the 
method has not been described for furan compounds and we have had consistent success 
in converting a miscellany of furoyl chlorides to the corresponding furaldehydes. Four 
and one-half grams (0.023 mole) of the ester acid chloride, 1.8 g. of the palladium- 
barium sulfate catalyst and 25 cc. of dry xylene were placed in a 200-cc. three-necked 
flask provided with a stirrer, condenser and delivery tube for admitting hydrogen. A 
small U-tube containing stilfuric acid was attached to the end of the condenser to pre- 
vent the entry of moisture and to serve as an indicator for the pressure of hydrogen. 
The mixture was gently refluxed (bath temp., 125') with vigorous stirring, and a stream 
of dry hydrogen was bubbled through a t  a rate to maintain a slight positive pressure. 
Hydrogen chloride was evolved immediately, and reduction was continued until no fur- 
ther hydrogen chloride was evolved. The cooled mixture was filtered, and after re- 
moving the solvent there remained 3.5 g. of a pale yellow solid melting a t  91-92O. 
After crystallization from methyl alcohol the ester aldehyde melted a t  93.5'. The 
yield was 99'3$$, and the compound gave positive Schiff and aniline acetate tests. The 
phenylhydrazone of 4-carbomethoxy-2-furaldehyde is a tan crystalline compound 
melting a t  114-115 O. 

Anal. Calcd. for CiHs04: C, 54.54; H, 3.89. Found: C, 54.68; H, 3.62. 

4-Carboxy-2-furaldehyde, C4HzO(COOH)(CHO).-Hydrolysis of the ester alde- 
hyde, by refluxing 3.5 g. with 50 cc. of 6 N hydrochloric acid for fifteen minutes, gave a 
94% yield of the acid aldehyde which, after crystallization from hot water, melted a t  
158-159 ". This compound also gave the above-mentioned aldehyde tests; neutraliza- 
tion equivalent, calcd., 140; found, 143.1. 

4-Carboxy-2-furaldehyde Hydrazone, C4H?O(COOH)(CH=NNH2).-A 90% yield 
of the hydrazone, melting a t  145-146', was obtained from 2.9 g. of the acid aldehyde 
and 2.1 g. of hydrazine hydrate in 10 cc. of absolute ethyl alcohol. The mixture, kept 
initially a t  about -15" for one and one-half hours, was warmed for a few minutes at 
about 75" and then worked up in a customary manner. 

5-Methyl-3-furoic Acid, C4H20(COOH)(CH3).-The hydrazone was converted by 
the usual Wolff-Kischner method to the methylfuroic acid by means of potassium hy- 
droxide (pellets) and absolute ethyl alcohol. A slight evolution of gas was noticed 
during a two-hour period of heating a t  about 70 ", and after standing overnight a t  room 
temperature, heating was continued for four hours, a t  the end of w

hi

ch time gas evolu- 
tion had practically ceased. The yield of 5-methyl-3-furoic acid was 31%, and the 
compound melts a t  119' after crystallization from hot water; neutralization equivalent, 
calcd., 126; found, 130. 

Anal. Calcd. for CsHsOa: C, 57.14; H, 4.76. Found: C, 56.91; H, 5.32. 

Decarboxylation to 2-Methylfuran, C4HaOCHa.-Decarboxylation of 0.9 g .  of 5- 
methyl-3-furoic acid by the method of Johnson using quinoline and copper-bronze was 
effected a t  215'. The evolution of carbon dioxide commenced a t  about 200 ", and the 

(8) Rosenmund and Zetzsche, Ber., 51, 578 (1918). 
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reaction product when worked up in a customary manner gave about 0.5 cc. of a clear. 
pleasant smelling liquid. This was definitely identified as Zmethylfuran by converting 
it to 5-methyl-2-chloromercurifuran by means of mercuric chloride and sodium acetate. 
A mixed melting point determination with an authentic specimen melting a t  132' 
showed no depression. 

Summary 
The first complete series of di-substituted furans, particularly useful as 

reference or standard compounds in studies on orientation of nuclear sub- 
stituents of furan, has been made availabIe by the synthesis of 5-methyl-3- 
furoic acid. 

AMES, IOWA RECEIVED AUGUST 1, 1932 
PUBLISHED JANUARY 11, 1933 

Aliphatic Tertiary Alcohols and Chlorides Containing the 
Normal Amy1 Group and the Related Olefins and their 

Ozonolysis 

The primary purpose of this research was to supply intermediates for 
the preparation of certain complex pinacolyl alcohols for use in rearrange- 
ment s tud ie~ .~  The series of tertiary alcohols chosen contained combi- 
nations of the five normal alkyls up to amyl with each alcohol containing 
a t  least one amyl group. The n-amyl group was chosen because of the 
present availability of that alcohol in large q ~ a n t i t y . ~  Twelve of the 
fifteen possible alcohols of this type have been prepared in this study. 
Of these only four have been prepared elsewhere. These are dimethyl- 
amyl~arbinol,~ methylethylamyl~arbinol,~ diethylamyl~arbinol~~~ and tri- 
amyl~arbinol.~ The triamylcarbinol was kindly supplied by Dr. Marvel. 
The twelve carbinols were prepared by means of the Grignard reagent in 
yields of 40-75%. The chief difficulty was in the distillation of the carbi- 
nols. A11 traces of acid had to be removed before distillation and a suitably 
low pressure was necessary. 

1 Presented in partial fulfilment of the requirements for the Ph.D. degree a t  the 
Pennsylvania State College. This study was finished in August 1930. 

2 (a) Whitmore, THIS JOURNAL, 54, 3274, 3431 (1932) ; (b) Whitmore and 
Woodburn, ibid., 55, 361 (1933). 

3 The alcohol used in this work was generously supplied by the Sharples Solvents 
Corporation of Philadelphia. 

Masson, Compf. rend., 132, 483 (1901); V. Braun and Sobecki, Ber., 44, 1927 
(1911). 

5 Davies, Dixon and Jones, J. Chem. Soc., 131, 468 (1930). 
6 Moyer and Marvel, "Organic Syntheses," Vol. XI, 1931, p. 100. 
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The alcohols were all colorless sirupy liquids. The higher ones were 
entirely odorless. Dimethylamyl and methylethylamyl carbinols had 
pronounced camphor odors and methylpropylarnylcarbinol had a slight 
odor of similar nature. As the number of simple aliphatic tertiary alco- 
hols is increased2b regularities in physical properties are appearing. These 
will be discussed in a later paper. 

The chlorides were prepared by hydrogen chloride in the usual way.2b 
The higher members could not be distilled without decomposition even 
at pressures below 1 mm. These were successfully purified by shaking 
with cold concentrated sulfuric acid, 

The only one of the alcohols which had been previously converted to 
an olefin is dimethylamylcarbinol,~ whose chloride was distilled with solid 
potassium hydroxide to give 2-methylhexene-2. Of the eleven other 
carbinols, ten were successfully dehydrated by Hibbert's iodine method. 
The triamylcarbinol carbonized so badly that its study was abandoned. 
The alcohols fell in two groups according to their ease of dehydration, 
(1) those easily dehydrated, methylethylamyl, methylbutylamyl, diethyl- 
amyl, ethyldiamyl, and butyldiamyl carbinols, and (2) those which re- 
quired longer heating, methylpropylamyl, methyldiamyl, propyldiamyl 
and dipropylamyl carbinols. The fact that the second group contains 
only alkyls with odd numbers of carbon atoms may or may not be for- 
tuitous. Ozonolysis of the olefins gave ketones which could be isolated 
and identified but great difficulty was experienced with the aldehyde 
products? The carbinols, R(CH3)(C6Hn)COH, formed olefins which 
gave as their chief ozonolysis product methyl amyl ketone, indicating 
that the dehydration involved mainly the ethyl, propyl or butyl group 
rather than the methyl or amyl group. The olefin from diethylamylcarbi- 
no1 gave ethyl amyl ketone. Similarly propyl amyl ketone was obtained 
from dipropylamylcarbinol. Ethyldiamylcarbinol gave ethyl amyl ke- 
tone. No products were identified from dibutylamyl, propyldiamyl or 
butyldiamyl carbinol. Thus the chief dehydration products identified 
are as follows: methylethylamylcarbinol, 3-methyloctene-2; methyl- 
propylamylcarbinol, 4-methylnonene-3; methylbutylamylcarbinol, 5-meth- 
yldecene-4; methyldiamylcarbinol, 6-methylundecene-5; dipropylamyl- 
carbinol, 4-propylnonene-3; ethyldiamylcarbinol, 6-ethylundecene-5. 

Experimental 
The bromides used in the syntheses of the tertiary alcohols were prepared by the 

methods of Kamm and Marvel9 with the following properties and yields: n-propyl 
bromide, b. p. 70-70.3" (740), 70%; n-butyl bromide (stirring and refluxing for eight 

Henry, Conapt. r e d . ,  143, 103 (1906). 
This problem has been studied intensively and successfully by J. M. Church in 

this Laboratory since 1930 and will be reported on shortly 
@ Kamm and Marvel, "Organic Syntheses," Vol. I, 1921, p. 5. 
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hours), b. p. 99-101° (730), 75%; n-am~l  bromide (from Sharples n-amyl alcohol, 
b. p. 135-136.5O (748)), b. p. 127-128" (736 mm.), 50%. Ethyl caproate was prepared 
in 53% yield from the acid and alcohol and dry hydrogen chloride, b. p. 163-164' (733). 
Methyl n-amyl ketone (b. p. 14&151° (738), yield 67%) was prepared from ethyl n- 
butylacetoacetatel0 supplied by the Mallinckrodt Chemical Works. 

The Grignard reagents were prepared in the usual way." The reactions with the 
carbonyl compounds involved no unusual features except that the reaction product 
was decomposed by pouring on ice and only a slight excess of dilute sulfuric acid. The 
last traces of acid were removed from the ether extracts by standing with solid an- 
hydrous sodium carbonate. The alcohols were distilled a t  15 mm. or below using a 
barostat to control the pressure. Heat for the distillations was supplied by an oil-bath. 
The study of the carbinols is summarized in Table I. 

--Source-- -Analyses- 
Carbouyl .--Yield- CCal~dir CF~~ndH B. p., "C. 

Carbinol cpd. Halide % g. (mm.) d:6d 

MezAm AmCOzEt MeCl 61 158 66.5-68.5 (15) 1.4240 0.8136 
162-164 (235) 

MeEtAm MeCOAm EtBr  76 650 74.9 14.0 74.9 14.4 80-81 (15)" 1.4315 .8258 
74.6 14.5 

MePrAm MeCOAm PrBr 70 660 75.9 14.0 75.9 14.6 92-93 (15) 1.4338 .a245 
76.2 14.2 

MeBuAm MeCOAm BuPr 66 680 76.7 14.0 76.4 14.1 106-107 (15) 1.4369 ,8262 
76.5 14.2 

MeAmz MeCOOEt AmBr 75 420 77.3 14.1 77.7 13.7 80-83 (2 0) 1.4392 .8271 
77.8 14.1 

EhAm AmCOOEt EtBr  175 76.9 14.0 76.4 14.2 89.5-91.5 (15) 1.4390 .8361 
75.1 14.0 

PrzAm AmCOOEt PrBr 40 250 77.3 14.1 77.3 14.1 75-76 (1.4) 1.4406 ,8324 
77.1 14.2 

BunAm AmCOOEt BuPr 76 490 78.4 14.1 78.2 14.1 90-92 (1.2) 1.4450 .8345 
78.0 14.3 

EtAmz EtCOOEt AmBr 40 240 77.9 14 .1  77.9 14.2 87-89 (2.0) 1.4438 ,8348 
77.9 14 .3  

PrAmz PrCOOEt AmBr 58 220 78.4 14 .1  78.9 14.4 81-82 (0.4) 1.4452 .8336 
79.1 14.1 

BuAms BuCOOEt AmBr 59 200 78.9 14.1 78.7 14.1 99-102 (1.0) 1.4460 ,8344 
78.4 14.0 

Ams EtlCOa AmRr 79.2 14.1 79.4 14.1 115-117 (1.5) 1.4470 ,8293' 
79.4 14.2 

" Barostat set at  15 rnm. Pressures of 2.0 mm. and lower were measured with 
a McLeod gage; cf. Gross and White, Ind. Eng. Chem., 13, 702 (1921). This low 
value is unexplained. For methods used see Reference 2b. 

The tertiary chlorides were prepared from the carbinols and hydrogen chloride 
gas.2b All the alcohols darkened in the process but this was especially noticeable with 
diethylamyl- and methylpropylamylcarbinol. This phenomenon has not been ex- 
plained. Most of the chlorides were distilled a t  pressures of about 1 mm. (McLeod 
gage). In  several cases this was impossible because of decomposition even a t  these 
pressures. Such chlorides were treated as follows. The dissolved hydrogen chloride 
was removed at  room temperature and low pressure. The crude chloride was then 
washed with one-half volume of concentrated c. P. sulfuric acid. After separating the 
acid, the cloudy chloride layer was centrifuged until clear. The chloride layer was 
removed and allowed to stand a t  O 0  for tbpelve hours with anhydrous sodium sulfate 

10 Johnson and Hager, "Organic Syntheses," Vol. VII, 1927, p. 60. 
11 Gilman, Zoellner and Dickey, THIS JOURNAL, 51, 1576 (1929). 
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and carbonate. Filtration gave a clear colorless odorless liquid. The analyses of 
chlorides purified in this way indicated a higher purity than that obtained in the other 
chlorides which were distilled. The crude chlorides are stable a t  O 0  but a t  room tem- 
perature slowly decompose with the evolution of hydrogen chloride and with darkening. 
The purified chlorides underwent little or no change in two years. The chlorides are 
summarized in Table 11. 

TABLE 11 
TERTIARY CHLORIDES 

Carbinyl Yield Chlorine analyses B. p., O C .  

chloride % g. Calcd. Found (mm.) n2 dz5  Stabilityb 

M e a m  73 27 23.9 23.7 a 1.4257 0.8568 c, d, e 
MeEtAm 72 68 21.8 21.6 72.7-74 (15) 1.4347 .8680 c, d, e  
MePrAm 85 75 20.1 20.0 43-45 (1.0) 1.4375 .8663 e,  f,  g 
MeBuAm 84 81 18.6 18.5 52-54 (0.75) 1.4404 ,8645 c ,  d, e 
MeAmn 33 29 17.3 17.1 63-65 (0.75) 1.4426 ,8623 c, d, e 
Et9Am 72 64 20.1 20.1 42-43 (0.5) 1.4423 ,8792 c, e ,  g 
PrzAm 79 70 17.3 17.3 60-62 (0.65) 1.4460 ,8699 c, d, e  
BuzAm 76 65 15.3 15.2 1.4490 .8666 e , f , g  
EtAm2 61 54 16.2 16.0 74-76(0.65) 1.4474 .8698 c , d , h  
PrAmz 67 60 15.3 15.2 1.4490 .8676 e ,  f ,  g  
BuAmz 83 45 14.4 14.4 1.4507 .8649 c, d, e  
Ams 70 75 13.6 13.6 1.4511 .8637 

" Halides for which no boiling points are given decomposed on heating even below 
1 mm. and so were purified by the sulfuric acid method. The samples of chlorides 
were examined after having stood for two years in ordinary glass bottles in the labora- 
tory. The chlorides proved to be surprisingly stable. The changes on standing follow: 

Still colorless. No odor of hydrogen chloride. " Change in refractive index not 
over 0.0004. Color changed to yellow. " Odor of hydrogen chloride. Increase 
in refractive index of +0.0008. 

TABLE 111 
OLEFINS 

Analyses, calcd. 
C, 85.6; H, 14.4 

Parent Yield B. p.. OC. 
Olefin carbinol % g. pun: (mm.) ng dZS 

3-Methyloctene-2 MeEtAm 79 100 83.4 14.6 143-145 (734) 1.4247 0.7409 
4-Methylnonene-3 and -4 MePrAm 67 94 5&59 (15) 1.4293 .7483 

161-163.5 (734) 
5-Methyldecene-4 MeBuAm 64 66 83.2 14.7 75-76 (15) '1.4333 ,7578 

85.0 15.1 
6-Methylundecene-5 MeAmt 59 100 85.8 14.5 90-92 (15) 1.4368 .7647 

86.1 14.8 
3-Ethyloctene-2 EtzAm 68 48 84.7 14.9 57-59 (15) 1.4303 ,7545 

85.0 14.7 
4-Propylnonene-3 PrtAm 82 74 85.6 14.6 84-87 (15) 1.4362 .7643 

85.3 14.7 
CirHtea BnrAm 65 95 85.1 14.6 113-115 (15) 1 4414 .7748 

85.3 14.7 
6-Ethylundecene-5 EtAmz 72 45 86.0 14.7 102-105 (15) 1.4401 .7701 

86.1 14.5 
Q4Htaa PrAma 50 80 85.0 14.6 111-114 (15) 1.4411 .7749 

85.1 14.8 
CIKHJE BuAmt 63 57 85.9 14.6 126-129 (15) 1.4436 .7781 

86.0 14.7 

" The ozonolysis products of these olefins gave mixtures of semicarbazones which 
could not be separated or identitied. 
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The carbinols were dehydrated by heating a t  100' with a trace of iodine.12 The 
best method for removing traces of iodine was treatment with mercury. The product 
was distilled under reduced pressure. The results on the olefins are summarized in 
Table 111. 

Ozon- Oil 
ide from Low High 

Olefin ob- ozon- frac- frac- Mixed 
Parent used, tained, ide, Main fractions tions, tions, Semicarbazone m. P., 

carbinol g. g. cc. B. p., OC. cc, cc. cc. isolated M. p., O C .  OC. 

MeEtAm 25 33 15 145-153 7 4 3 CH3COCsH11 121-122 121-123 
MePrAm 25 31 19 97-101 5 4 4 CHICOCJHT(?) 

145-155 6 CH~COCSHII 121-122 122-123 
MeBuAm 25 31 12 144-154 3 5 5 3 CHaCOCsHll 120-121 121-122 
MeAmn 25 31 11 146-152 5 4 2 CH~COC~HII  121-123 121-123 
EtzAm 25 32 14 165-168 7 5 2 CnH6COCaI-Ina 116-117 
PrzAm 25 32 15 71-81 (15) 5 5 6 3 C ~ H ~ C O C ~ H I I ~  72-73 
BuzAm 25 31 12 58-95 (15) 6 5 3 1 c 58-60 
EtAmt 25 32 15 98-112 (13) 4 9 1 CzHaCOCa1-111(?) 111-112 5 
PrAmt 25 31 13 8&92 (15) 4 2 1 d 

92-105 (15) 
105-120 (15) 

BuAmz 25 32 19 89-95 (13) 5 2 1 e 

95-105 (13) 7 
105-118 (13) 4 

" Bouveault and Locquin, Bull. soc. chim., [3] 31, 1158 (1904), give 117-117.5O as 
the m. p. of the semicarbazone of ethyl n-amyl ketone. 

They give 73-74' for the corresponding derivative of n-propyl n-amyl ketone. 
" The semicarbazone obtained did not correspond t o  any known substance. 

Each fraction gave mixtures of semicarbazones which could not be separated 
by repeated crystallizations. 

" The first two fractions gave impure semicarbazones. 

The ozonization of the olefins was performed in 2 9 3 5 "  ligroin a t  - 15 O with ozon- 
ized oxygen.13 The ozonides, freed from solvent, were surprisingly stable even to 
boiling water. They were finally decomposed by boiling water and zinc dust.14 All 
attempts t o  identify aldehyde or acid products failed. The ketones could be identified, 
however, as their semicarbazones. These were confirmed by mixed melting point 
determinations with known materials. The ozonolysis results are summarized in 
Table IV. 

Summary 

1. A series of twelve aliphatic tertiary alcohols of the general types, 
R(CH3)(n-C5Hl1)COH, R2(n-C6Hll)COH and R(n-CsH11)2COH, in which 
R is methyl, ethyl, n-propyl, n-butyl and n-amyl, has been synthesized 
and studied. 

2. The tertiary chlorides have been made from the alcohols. 
3. The alcohols have been dehydrated. 

l2 Hibbert, THIS JOURNAL, 37, 1748 (1915). 
Cf. Henne, ibid., 51, 2676 (1929); Smith, ibid., 47, 1844 (1925). Full details of 

the ozonolysis technique as used in this Laboratory will be published shortly by J. M. 
Church. 

'4 Cf. Noller and Adams, ibid., 48, 1077 (1926). 
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4. Six of the resulting olefins have been identified by their ozonolysis 
products. These are 3-methyloctene-2, 5-methyldecene-4, 6-methyl 
undecene-5, 3-ethyloctene-2, 4-propylnonene-3 and 6-ethylundecene-5. 
In addition a mixture of 4-methylnonene-3 and -4 was identified. 

5 .  AIcohoIs of the type, R(CH3) (n-C6H11)COH, were dehydrated 
chiefly through the R group. 

STATE COLLEGE, PENNSYLVANIA RECEIVED AUGUST 1,  1932 
PUBLISHED JANUARY 11 ,  1933 

Solubility Relationships among Optically Isomeric Salts. 111. 
The Mandelates and Alpha-Bromocarnphor-Pi-Sulfonates of 
Alpha-Phenylethylamine and Alpha-Para-Tolylethylamine 

BY A. W. INGERSOLL, S. H. BABCOCK AND FRANK B. BURNS 

The following five types of optically isomeric salts represent all the 
possible combinations of active and inactive acid and base ions. 

(dBdA or 1BlA); (dBlA or 1BdA); dlBdlA; (dBdlA or 1BdlA); (dlBdA or dlBlA) 

The stabilities and relative solubilities of these types of salts determine 
which of them can exist in solution, and the order in which the stable salts 
can be separated from a mixture by fractional crystallization. It has been 
shown in previous papers1 that these factors are of primary importance for 
a method of complete optical resolution in which mixtures containing 
several varieties of isomeric salts may be encountered. It was shown that 
not more than three of the nine varieties of salts represented above can 
result from the evaporation of a solution, no matter what proportions of 
active and inactive acid and base ions may have been introduced originally. 
Nevertheless, it  was pointed out that there are some twenty2 different 
orders in which these coexistent salts may separate during fractional 
crystallization. At present i t  seems impossible to predict the stabilities 
and relative solubilities of the salts of a particular acid and base. Hence 
numerous groups of isomeric salts are being studied for the purpose of 
gaining a comprehensive knowledge of these factors. Five such groups of 
salts have already been described and classified. This paper describes a 
similar study of the four additional groups of salts named in the title. 

The salts previously described illustrated two instances each of Cases 
4'" and 71b,ld and one of Case 8.'' The salts described in this paper were 
found to illustrate the previously unobserved cases (1) and (6), another 
instance of Case 8, and an instance of either Case 4 or 7, depending on the 

(1) (a) Ingersoll, THIS JOURNAL, 47, 1168 (1925); (b) 60, 2264 (1928); (c) Ingersoll and White, 
ibid., 54, 274 (1932) ; (d) Ingersoll and Burns, ibid., 64,4712 (1032). 

(2) Only eight orders (Cases 1-8) are possible in the mixtures resulting from the usual procedure 
for complete resolution. All of the cases were described and numbered in Part 1.'' 
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procedure. Thus the mandelates of a-phenylethylamine were found to 
include four stable types of salts in the solubility order 

(dBlA or 1BdA) < (d lBdA or dlB1A) < dlBdlA < ( d B d A  or ZBZA) 

When the partially active base (dlB + ZB) was combined with the dl-acid 
the system IBdA <dlBdlA < lB1A (Case 4) resulted; when partially active 
acid (dIA + dA) was combined with the dl-base the system dlBdA<dlBdlA 
(Case 7) resulted. Both procedures permitted the purification of active 
acid and active base. Cases 4 and 7 have been observed previously, but 
the order of solubility for the four salts is new. I t  may be noted that the 
modified procedure for complete resolution would place the resulting salts 
in the favorable cases (10) or (15) depending on the proportions of active 
and inactive acid and base. 

The mandelates of the closely related base, a-p-tolylethylamine, were 
then studied and the order of solubility was found to be 

dlBdlA < (dB1A or ZBdA) < ( d B d A  or 2BlA) 

Thus, while the acid and base were reciprocally resolvable, only the in- 
active forms could be obtained pure from partially active specimens by 
either the usual or the modified procedure. This is the first example of an 
authentic Case 6. Perkin and Robinson3 found a similar order of solubility 
in ethyl acetate for the corresponding a-bromocamphor-a-sulfonates of 
narcotine, but did not examine the (dBdlA or IBdlA) type of salt. Hence 
their salts cannot be definitely classified as Case 6. 

The a-bromocamphor-a-sulfonates of a-phenylethylamine were found 
to exhibit the solubility order 

dlBdlA < (dBdlA or IBdZA) < (dB lA  or IBdA)  < ( d B d A  or LBZA) 

Thus the dl-base can be resolved by the active forms of the acid,' but the 
dl-acid was found to form stable partially racemic salts with the active 
forms of the base. The order of solubility corresponded to Case 8 in the 
usual procedure and would have given cases (19) or !20) in the modified 
procedure. All of these cases are unfavorable for the purification of salts 
containing active ions. A similar solubility order for four salts has not 
previously been encountered. 

I t  was shown in a recent paper5 that dl-a-bromocamphor-a-sulfonic acid 
was resolved by the active forms of a-p-tolylethylamine. It has now been 
found that the dl-base can also be resolved, though not so readily, by the 
active forms of the acid. The stable salts were in the solubility order 

(dBdA or ZBZA) < (dB1A or l B d A )  < dlBdlA 

This is the first observed instance of Case 1. 
The above results show that even two bases as closely related as a- 

phenylethylamine and a-9-tolylethylamine form entirely different systems 
(3) Perkin and Robinson, J .  Chem. Soc., 99, 788 (1911). 
(4) Hunter and Kipping, ibid., 88, 1147 (1903). 
(5) Ingersoll and Babcock, Tnrs JOURNAL, 66, 341 (1933). 
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of salts with mandelic acid, and that these systems are again quite different 
from those formed from the same bases and a-bromocamphor-r-sulfonic 
acid. Hence it would not be safe to predict that the isomeric salts of 
structurally similar bases or acids should be similar in their stabilities and 
relative solubilities. It may be noted also that the order of solubility 
amocg all of the stable salts in each group has beer, found to be different in 
eight of the nine groups thus far described. In six of these the solubilities 
were favorable for the application of the method for complete resolution in 
its usual form. More groups of salts must be studied before the relative 
frequency of occurrence of the various cases can be estimated, though thus 
far Cases 4 and 7 have appeared rather often. 

Experimental 
a-Phenylethylamine Mande1ates.-The resolution of dl-mandelic acid with d- 

and l-a-phenylethylamine has been briefly described by L. Smith.= The intermediate 
salts were not described. Since this method appears to be more satisfactory than any 
other given in the literature, it is briefly described here. dl-Mandelic acid (38 g.) was 
combined with 30 g. of d-a-phenylethylamine in 350 cc. of hot water and the solution 
cooled. The first fraction, when recrystallized three times from about four parts of 
water, was practically pure dBlA salt. By systematically working the mother liquors 
29.5 g. (86%) of this salt was obtained. For analysis the salt was recrystallized from 

ethanol. 
d-a-Phenylethylamine-1-mandelate formed elongated hexagonal plates or flattened 

prisms, m. p. 177' (corr.), and was anhydrous. The solubility was 4.91 g. per 100 g. 
of water a t  30 ". 

Rotation. Subs. 1.7486 g. made up to 50 cc. in water gave or2: ~ 4 . 2 3 ~  in 2 dm.; 
[aI2: -60.4', [MID -165' 

A sample of the salt was decomposed with a small excess of concentrated hydro- 
chloric acid and the mandelic acid extracted with ether. After one crystallization from 
water with drcolorizing carbon it melted at  133O and had [a12 -154.8 (5% in water) 
in close agreement with published values. The active base was recovered by making the 
hydrochloric acid solution alkaline and distilling with steam. The distillate thus ob- 
tained was used directly in the next run. 

d-a-Phenylethylamine-d-madelate.-The mother liquors from the separation of 
the dBlA salt became sirupy and discolored on concentration and slowly set to a mass 
from which the dBdA salt could not be obtained pure. This salt was therefore prepared 
from its pure components, but remained somewhat sticky and discolored slightly on 
drying. The solubility was about 18 g. per 100 g. of water at 30° and the molecular 
rotation was about +180° (10)2. These values are slightly inaccurate but the salt is 
certainly the most soluble one of the group. 

dl-a-Phenglethylamine-d-madelate.-The partially resolved mandelic acid 
(d2A + dA) was recovered from the mother liquors of the resolution and crystallized once 
from the least possible amount of water. The crystalline fraction (principally d-man- 
delic acid) was reserved and the mother liquor, which thcn contained about 17 g. of 
mandelic acid, [a], +48.5, was neutralized with dl-a-phenylethylamine. The resulting 
salts formed the system dlBdA < dlBdlA and the partially racemic salt (5.2 g . )  was ob- 
tained by systematic crystallization from water. After crystallization from 95% 
ethanol and again from water it formed large, transparent plates, m. p. 176' (corr.), and 
was anhydrous. The solubility was 5.81 g. per 100 g. of water at 30°. 

(6) Smith, J .  prakt. Chem., [21 84, 743 (1011). 



Rotation. Subs., 1.3904 g. made up 50 cc. in water gave a: $3.53 in 2 dm.; 
[a]? +63.5', [MID +174O 

The mandelic acid was recovered from this salt with ether as described for the 
dBlA salt, washed with a little water and dried. It then melted a t  131 and had [a]': + 152.5 (3% in water). The recovered base was inactive. 

dl-a-Phenylethylamine-dl-mande1ate.-The mother liquors from the separation of 
the dlBdA salt deposited a mass of small crystals consisting largely of the dlBdlA salt. 
A sample melted a t  133" and was faintly dextrorotatory. The pure salt was therefore 
made from its components. It formed small plates, m. p. 138O (corr.), and was anhy- 
drous. The solubility was 12.29 g. per 100 g. of water a t  30'. 

2-a-Phenylethylamine-d-mande1ate.-In a separate experiment 30 g. of the par- 
tially active amine (dB 80% + IB 20%) was combined with 38 g. of dl-mandelic acid 
and the salts fractionated. The system lBdA < dlBdlA < lBlA resulted. After pro- 
longed fractionation 3.2 g. of pure lBdA salt (calcd. 6.8 g.) was obtained. This had 
[a12 +58.g0 and otherwise closely resembled the dBlA salt described above. The inter- 
mediate fractions were faintly dextrorotatory and the final mother liquors strongly 
levorotatory. 

a-p-Tolylethylamine Mande1ates.-The base used in the following experiments was 
prepared and resolved by a recently described modificationld of the method of Stenberg.? 

dl-a-p-Tolylethylamine-dl-mande1ate.-A quantity (13.5 g.) of partially active 
base (dlB + dB, [a], +lQO) was combined with dl-mandelic acid (15.2 g.) in 100 cc. of 
hot water and the salts fractionally crystallized. After six recrystallizations the head 
fraction, which a t  first was levorotatory, became inactive. The salt (8.2 g.) formed 
transparent prisms or rhomboidal plates, m. p. 136' (corr.), and was anhydrous. It was 
identical with the salt prepared from equivalent amounts of the dl-base and dl-acid. 
The solubility was 4.89 g. per 100 g. of water a t  25 O. 

d-or-p-Tolylethylarnine-1-madelate.-The intermediate fractions from the crys- 
tallization described above contained a salt only slightly more soluble than the dlBdlA 
salt. From the maximum rotation observed (-41") this appeared to be the impure 
dBlA salt. In a separate experiment this salt was prepared from the pure components. 
I t  formed slender prisms, m. p. 146 " (corr.) and was anhydrous. The solubility was 
5.18 g. per 100 g. of water a t  25". 

Rotation. Subs., 1.3963 g. made up to 25 cc. in water gave [a]': -6.42' in 2 dm.; 
[ff]2,6 -57.5', [MID -165O 

d-or-p-Tolylethylamine-d-mande1ate.-The foot fractions from the crystallization 
described above yielded crops of dextrorotatory needles (maximum rotation +24") but 
the dBdA salt could not be obtained pure from the mixture. It was therefore prepared 
from its components. I t  formed small needles, m. p. 140" (corr.), and was anhydrous. 
The solubility was 7.12 g. per 100 g. of water a t  25 ". 

Rotation. Subs., 1.2345 g. made up to 25 cc. in water gave [aI2,6 +6.45' in 2 dm.; 
1.12 +65.3', [MIn +188°(10)2. 

1-r-pTolylethylamine-1-mande1ate.-This salt was made from the pure compo- 
nents. I t  melted at  140" (corr.), had [a]': -65.0°, and was otherwise closely similar to 
the dBdA salt. 

Instability of dlBdA or dlBlA Type.-A small-scale experiment was made to deter- 
mine whether the dl-base could be resolved with I-acid. The salt formed from these was 
fractionated and finally gave three successive fractions having rotations -61.3, -62.3 
and -64.g0, respectively. The base liberated from the head fraction was dextrorota- 
tory, that from the foot fraction levorotatory. The resolution therefore occurred, but 
appeared too tedious for practical use and was not further studied. 

(7) Stenberg, Z. fihysik. Chcm., 70, 534 (1910). 
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a-Phenylethylamine-a-bromocamphor-r-sulfonates.-The pure ZBdA salt and the 
impure dBdA salt of this series have been prepared by Hunter and Ripping4 by the par- 
tial resolution of the dl-base with the d-acid. This work was repeated. The dl-a- 
bromocamphor-r-sulfonic acid required for the study of the other types of salts has been 
described in a recent paper.6 

I-a-Phenylethylamine-d-a-bromocamphor-?hi salt formed large, 
transparent prisms, In. p. 205O (con-.), and is anhydrous. These properties and the ro- 
tation, [a!? f62.6 o, [MIn +270°(1 0)2, agreed with the data of Hunter and Kipping. 
The solubility was found to be 5.40 g. per 100 g. of water a t  25'. 

d-a-Phenylethylamine-d-a-bromocamphor-s-suIfonate.-This salt was not ob- 
tained completely pure during the resolution referred to above. Also an attempt to pre- 
pare it from its components gave a dense mass of needles that could not be entirely freed 
from the sirupy mother liquor. The salt after drying a t  100" melted a t  183-186' and 
had +G3.3°. It was by far the most soluble type of salt in the group. 

dl-a-Phenylethylamine-dl-a-bromocamphor-s-sfonate.-This salt was prepared 
from the ammonium salt of the dl-acid and an acetic acid solution of the dl-base. It 
separated from water as coarse needles which melted a t  155' (corr.) after drying a t  
110". I t  was probably the monohydrate, but a sample kept for several weeks became 
anhydrous. The solubility of the hydrated salt was 2.05 g. per 100 g. of water a t  25". 

Anal. Calcd. for ClsHzs04NSBr.HzO: HtO, 4.00. Found: HzO, 3.47 (air-dry 
salt). 

d-a-Phenylethylamine-dl-Lu-bromocamphor--sfonate.-This salt was formed in 
an attempt to resolve the dl-acid with d-base. The resulting salt was crystallized from 
water, 95% ethanol, moist ethyl acetate, and chloroform under various conditions but 
was not thereby resolved. I t  formed massive prisms from water or ethanol and was 
probably the monohydrate. The solubility of this was 3.11 g. per 100 g. of water a t  25". 
The anhydrous salt melted a t  170' (corr.). 

Anal. Calcd. for monohydrate: HzO, 4.00. Found: HzO, 3.64. 

Rotation. Subs., 1.4505 g. (anhydrous) made up to 50 cc. in water gave [a]': 
+0.07" in 2 dm.; +1.20, [MI, +5.2°(10)2. 

a-p-Tolylethylamine-a-bromocmphor-r-soate-The resolution of the dl- 
acid with the I-base and the pure lBlA and lBdA salts were described in a recent paper.6 
For convenience in comparison these salts are briefly described here. 

lBlA,H20 formed coarse prisms, [a]? -62.7'. [MI, -291°(10)2. Solubility 2.10 
g. Anhydrous salt m. p. 165' (corr.). 

lBdA.H20 formed needles; after drying these had [a]: +59.4", [MI, +265°(10)2. 
Solubility (hydrated salt) 2.96 g. Anhydrous salt m. p. 232O (corr.). 

Resolution of dl-Base with d-Acid.-The base (67.5 g.) in dilute acetic acid was com- 
bined with ammonium d-a-bromocamphor-r-sulfonate (130 g.) in 1 liter of hot water and 
the salts fractionated. Although the salts (dBdA and 1BdA) are the same types as those 
described above, they could not be separated with equal ease. Apparently the partially 
racemic salt, which in this case would be dlBdA, was considerably more stable than the 
lBdlA type from which the salts 1BlA and lBdA were formed. Fractionation was con- 
ducted, as previously described, by allowing the first fraction to separate from about 
seven parts of water a t  80 to 50 O and the remaining material from 50' to room tempera- 
ture. Similar fractions were then combined and recrystallized similarly. In  this 
way an apparently homogeneous head fraction (80 g.) and a fraction consisting of the 
pure lBdA salt (52 g.) were obtained. The lBdA salt was practically identical in proper- 
ties with the salt described above, but the head fraction melted a t  162", had [a12,6 
$63.4" and solubility 2.67 g. a t  25". The base obtained from i t  had [a12,6 +28.2" 
instead of the value f34 6" previously obtained. When the salt was recrystallized re- 
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peatedly a t  80 to 5 5 O  there was finally obtained 54 g. of pure dBdA salt. The inter- 
mediate crops were not further fractionated since this base can be much more easily 
resolved by means of d-camphoric acid.ld 

d-cu-p-Tolylethylamine-d-~-bromocamphor--sfonate.-This salt crystallized as 
monohydrate in transparent prisms; solubility 2.12 g. per 100 g. of water a t  25'; m. p. 
(anhydrous) 165" (corr.). 

Anal. Calcd. for C19~2s04NSBr.H~0; Hz0,3.87. Found: HzO, 3.89. 

Rotation. Subs., 0.9280 g. (hydrated) made up to 50 cc. in water gave 4-2.32" 
in 2 dm.; [or12,6 + 62.5', [MID +290°(10)2. 

dCcu-~-Tolylethylamine-dl-a-bromocamphor--~uonate.-This salt was prepared 
from the inactive components. I t  first separated as an oil, which solidified. I t  crys- 
tallized from water in anhydrous needles, m. p. 161 (corr.). The solubility was 3.38 g. 
per 100 g. of water a t  25 ". 

Summary 
1. The resolution of dl-mandelic acid by an improvement of the method 

of SmithR has been described. 
2. All of the stable isomeric mandelates and a-bromocamphor-a- 

sulfonates of a-phenylethylamine and a-p-tolylethylamine have heen 
described and classified according to their stabilities and relative solu- 
bilities. 

3. The significance of these factors for the separation of mixtures of 
optically isomeric salts has been discussed. 

The Acetoacetic Ester Condensation. IV. The Reaction 
Product of Certain Aliphatic Esters and Sodium Ethoxide 

During the course of a study of the reaction of metallic sodium on various 
aliphatic esters1 a product, which from its boiling point and method of 
isolation was thought at  first to be ketene a ~ e t a l , ~  was obtained in a small 
yield from the reaction of sodium and ethyl acetate in absolute ether. 
Further investigation of this product, however, showed it to be merely a 
mixture of alcohol and xylene. The latter compound had been used to 
powder the sodium for the reaction and, presumably, had not been com- 
pletely removed from the metal by ether washing, for in subsequent experi- 
ments when the powdered sodium, after decantation of the xylene, was 
washed more thoroughly with ether no product was obtained at  the point 

(1) Snell and McElvain, THIS JOURNAL, 83, 750 (1931); John M. Snell, Ph.D.,  Thesis, University 
of Wisconsin, 1932. 

( 2 )  (a) Scheibler and Zeigner, Ber , 66, 801 (1922): (h) Scheibler and Marhenkel, Ann., 468, 15 
(1927). 
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where ketene acetal should appear. I t  was decided then to attempt the 
preparation of a ketene acetal by the improved method described by 
Scheibler, Marhenkel and N ik~ l i c .~  Several attempts, in which the 
directions of these authors were followed in every detail, to duplicate this 
preparation were unsuccessful. 

In the view of these failures to obtain ketene acetal it seemed advisable 
to examine Scheibler's so-called "primary reaction product," i. e. ,  the 
residue left after evaporation of the ester and ether from the sodium 
ethoxide. This was done using ethyl acetate and ethyl isobutyrate as 
representative esters. 

Experimental Part 
Materials Used.-The sodium ethoxide was prepared as recommended by Scheibler, 

Marhenkel and Nikolic3 by treating powdered sodium under ether with the theoretical 
amount of absolute alcohol. The product obtained was white and granular and con- 
tained 33.75% Na; calcd. for CaHrONa, 33.80. The ether and esters were purified by 
washing with water, drying over calcium chloride (in the case of ether) or potassium 
carbonate (in the cases of the esters). Each of these materials was then allowed to stand 
over phosphorus pentoxide for twenty-four hours and then distilled directly from this 
reagent. 

An Attempted Preparation of Ketene Aceta1.-The following procedure describes in 
detail a representative attempt to prepare ketene acetal from ethyl acetate and sodium 
ethoxide according to the procedure described in the l i te ra t~re .~  Twenty-three grams 
(1 atom) of sodium was finely powdered in a 1-liter round-bottomed flask by shaking 
under heated xylene. After cooling and decantation of the xylene the powdered metal 
was washed thoroughly with four or five portions of absolute ether, and then covered 
with 500 cc. of fresh ether. A refiux condenser was fitted to the flask and 50 g. (1.1 
mole) of absolute alcohol was slowly run in from a dropping funnel a t  the top of the 
condenser. The reactants were protected by calcium chloride tubes from atmospheric 
moisture. After all the alcohol had been added the mixture was allowed to stand for 
fifteen hours or longer. Then 200 g. (2.2 moles) of ethyl acetate was added. At this 
point cooling the flask, as recolnmended by the original  investigator^,^ was unnecessary 
as no perceptible heat was generated. The mixture was allowed to stand with occasional 
shaking for twenty-four hours, and then was poured into a shallow dish and placed in an 
empty vacuum desiccator. The volatile substances were removed by evacuation with a 
water pump, a calcium chloride tower being interposed to prevent backward diffusion of 
water vapor. The dry residue (which generally weighed 90-100 g. as compared to 125 
g., the weight of reaction product obtained by the original investigators3) was scraped 
from the walls of the dish and the desiccator, pulverized in a porcelain mortar, and 
triturated with 125 g. of ice water. The resulting solution was extracted with ether in a 
continuous extraction apparatus4 for twelve hours, the solvent vapors passing through a 
25-cm. spiral Widmer column on the return path to the extraction vessel The ether 
solution was shaken intermittently for three or four hours with three successive portions 
of powdered calcium chloride and then washed with a small volume of a saturated solu- 
tion of calcium chloride. After standing overnight with anhydrous sodium sulfate the 
ethereal extract was distilled through the Widmer fractionating column mentioned above. 
It all passed over a t  34-35 ". Ketene acetal was reported3 as boiling a t  77-78". 

Preparation of the "Primary Reaction ProductH from Ethyl Acetate.-Seventeen 

(3) Scheibler, Marhenkel and Nikolic, Ann., 458,28 (1927). 
(4) "Organic Syntheses," 1923, Vol. 111, p. 88. 



grams (0.25 mole) of sodium ethoxide (33.75% Na), under 20G225 cc. of dry ether was 
treated with 55 g. (0.625 mole) of ethyl acetate and the mixture allowed to stand in a 
stoppered flask under nitrogen for a period of two to three days with occasional shaking. 
The ether and ester were then evaporated off under reduced pressure and the residue 
allowed to stand in a vacuum desiccator over sulfuric acid until it  attained a constant 
weight. 

Method of Examination.-The sodium content of the reaction product was deter- 
mined in the following manner. A sample of approximately 0.25 g. was accurately 
weighed into a tared porcelain crucible and treated with 0.2 cc. of concentrated sulfuric 
acid added from a graduated 1-cc. pipet. The crucible was heated gently until most of 
the volatile matter was expelled and then ignited for thirty minutes in the full flame of a 
Buusen burner. The residue was weighed as NaaS04.6 

In the case of ethyl acetate the only other constituent of the reaction product deter- 
mined was the sodium derivative of acetoacetic ester. This was estimated by adding 
about 1 g. of the reaction product to 10 g. of ice, acidifying the resulting solution with 
acetic acid and extracting with ether. The ether extract was washed until neutral 
with sodium bicarbonate solution and then made up to 100 cc. with 95% alcohol. A 
10-cc. aliquot was treated with 4 drops of a 10% ferric chloride solution and the color 
compared in a Duboscq colorimeter with that produced by a standard solution of aceto- 
acetic ester in 95% alcohol. This method is accurate to 2 3 %  if the following precau- 
tions are observed, (a) the solutions being compared should be of about the same concen- 
tration, (b) the same amount of ferric chloride should be added to equal volumes of the 
two solutions, (c) the comparisons should be made as soon as possible after the addition 
of the ferric chloride. A rather imperfect check on this method of estimation was the 
determination of the amount of 1-p-nitrophenyl-3-methyl-5-pyrazolonee obtained from 
an aliquot of the acetoacetic ester solution by the action of p-nitrophenylhydrazine. 
This value was about 70% of that obtained by the colorimetric estimation. 

Preparation of the Primary Reaction Product from Ethyl 1sobutyrate.-To 6.8 g. 
(0.1 mole) of sodium ethoxide under 90 cc. of ether was added 29 g. (0.25 mole) of ethyl 
isobutyrate, and the procedure described above for ethyl acetate followed. In the case 
of ethyl isobutyrate, however, it was necessary to heat the residue from the evaporation 
of the ether and ester to a temperature of 100' on a steam-bath for one hour under di- 
minished pressure in order that the excess ester might be completely removed and the 
residue attain constant weight. 

A reaction product was also prepared from ethyl isobutyrate by heating 6.8 g. of 
sodium ethoxide with 29 g. of the ester alone on a steam-bath for twenty-four to forty- 
eight hours. The ester was removed by distillation and the residue heated for three 
hours a t  100-150 under diminished pressure. During the distillation of the ester and 
the heating of the residue the side arm of the receiving flask was connected to a coil 
condenser cooled in a mixture of ether and solid carbon dioxide. About 1 g. of a mixture 
of alcohol and ethyl isobutyrate was condensed in this trap. 

In addition to the determination of the sodium content of the reaction product, 
the amount of sodium isobutyrate present was estimated by treating a 5-7 g. sample of 
the dry reaction product with 50 cc. of water, acidifying with phosphoric acid and dis- 
tilling the isobutyric acid. This distillate was then titrated with standard alkali. The 
identity of the isobutyric acid was established by converting it into the p-phenylphenacyl 
ester by the method of Drake and Bronitsky.' This ester, which has not been described 
previously, melts a t  88.5'. Calcd. for C18H1808: C, 76.60; H, 6.38. Found: C, 76.61; 
H, 6.38. 

(6) Cf. Adickes, Ber., 60, 274 (1927). 
(6) Altschul, ibid., 25, 1853 (1892). 
(7) Drake and Bronitsky. Tars JOURNAL, 62, 3716 (1930). 
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The results which were obtained from the examination of the various 
reaction products, prepared as described above, are summarized in the 
table. The values of sodio-acetoacetic ester in column 5 are calculated 
from the colorimetric estimation of acetoacetic ester and the percentages of 
sodium isobutyrate in column 6 are calculated from the amount of iso- 
butyric acid found by titration. 'The corresponding values for sodium 
acetate were not determined. Column 7 represents the calculated per- 
centage of sodium which would be present in the reaction product if it 
consisted only of the product determined (sodio-acetoacetic ester or sodium 
isobutyrate) and sodium ethoxide. 

Total % Na 
Total % Na aceto- calcd. as 
% Na in acetic ester yo RCOONa NaOQHr and 
reaction in reaction in reaction determined 

Run Ester ethyl Solvent product product product component 

1 Acetate Ether 30.24 
2 Acetate Ether 32.35 
3 Isobutyrate Ether 33.50 
4" Isobutyrate Nonec 32.90 
5b Isobutyrate Nonee 32.80 
6" Isobutyrate Nonec 32.80 
7" Isobutyrate Nonec 32.80 

a Allowed to react twenty-four hours at 100'. 
at 100 ". O Excess of ester used in these runs. 

12.0 ? 31.56 
5.5 ? 32.77 
. . .  0.50 33.74 
. . .  6 . 8  32.92 
. . . 6 .5  32.96 
. . . 5 . 2  33.10 
. . . 6 . 6  32.84 

~llowed to react forty-eight hours 

Discussion of Results 

The failure to obtain ketene acetal from the reaction of sodium ethoxide 
and ethyl acetate in this work must be due to one of the following causes: 
(a) the present authors do not possess the manipulative skill necessary for 
the isolation of such a compound, (b) the directions of the original in- 
vestigator~~ are not sufficiently precise, or (c) the compound in question 
is not formed in the reaction. Further work along this line by other 
investigators should show which of these alternatives is responsible for the 
present disagreement of results. In this connection i t  should be noted that 
Arbusow8 has recently reported his failure to duplicate Scheibler's prepa- 
ration of carbon monoxide acetal. 

It is seen from the data in the above table that in the case of ethyl 
acetate the values for the sodium content of the reaction product calculated 
on the assumption that it contains only sodio-acetoacetic ester and sodium 
ethoxide are only slightly higher than those actually found. This differ- 
ence is due, in all probability, to small amounts of sodium acetate which 
were not determined because of the complication introduced by the pres- 
ence of the acetoacetic ester. With ethyl isobutyrate, however, the 
absence of the P-keto ester makes possible the accurate determination of 

(8) Arbusow, Bey., 64, 698 (1931) 



the isobutyric acid in the reaction product. The very close agreement 
between the calculated values of column 7 and the found values in column 4 
definitely shows that these reaction products are simply sodium ethoxide 
mixed with a small amount of sodium is~butyrate.~ 

These data also confirm the contention made by Adickeslo in a recent 
publication that such esters as ethyl acetate and isobutyrate form no 
stable, isolable compounds with sodium ethoxide. That there is no ester, 
either combined or adsorbed, in the reaction product from ethyl isobutyrate 
is shown not only by the above analyses but also by the fact that careful 
fractionation of the ester which was removed from the reaction product 
during its preparation gave small amounts of lower boiling fractions con- 
sisting of a mixture of ester and alcohol and which contained quantities of 
alcohol (estimated from the saponification value) approximately equivalent 
to the sodium isobutyrate present in the reaction product. No product 
other than alcohol and the ester could be found in these lower boiling 
fractions. 

On the basis of these results it seems safe to conclude that the "primary 
reaction product" (which contains 11.6% Na when derived from ethyl 
acetate) postulated by Scheibler and co-workersll as an intermediate for 
both the acetoacetic condensation and ketene acetal formation, does not 
exist. Earlier evidence has been submitted12 that the precursor, an ester 
enolate (RCH=C(ONa)OGH6), of this intermediate is not formed by 
the action of sodium ethoxide on such esters. The data for ethyl acetate 
do not absolutely preclude the presence of a small amount of such an 
intermediate in the reaction product, but in the case of ethyl isobutyrate 
the data definitely do indicate the absence of such a compound. Conse- 
quently, the claim that ethyl isobutyrate undergoes a reaction with sodium 
ethoxide to form such a reaction product and that this product is con- 
verted by hydrolysis into the corresponding ketene acetalI3 cannot be 
reconciled with the data presented in the present paper. 

Summary 

All attempts to prepare a ketene acetal by the directions given by 
Scheibler and co-workers have been uniformly unsuccessful. 

(9) The manner in which the sodium salt of the acid was formed is unknown. I t  may have re- 
sulted from traces of moisture present in the ester or entering the reaction mixture during the course of 
the reaction, although this hardly seems likely in view of the precautions which were taken to exclude 
moisture. Scheibler [Ber., 65, 998 (1932)l has reported the formation of sodium benzoate from the re- 
action of ethyl benzoate and sodium ethoxide, thus CsHaCOOCzHa + CnHsONa -+ CaHsCOONa + 
CnHsOH + CzHd. I t  is possible that a similar reaction is responsible for the sodium isobutyrate oh 
tained in the present work. However, for the purpose of the present discussion the origin of this prod- 
uct is immaterial. 

(10) Adickes, Ber., 65, 522 (1932) 
(11) Scheibler and Marhenkel, Ann.,  458, 5 (1927). 
(12) McElvain, THIS JOURNAL, 61, 3124 (1929). 
(13) Scheibler and Friese, Ann , 445, 149 (1925); Scheibler and Marhenkel, Ann , 468, 14 (1927). 

However, these authors do not describe the properties of this particular ketene acetal. 
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An examination of the dry, solid residues remaining after the reaction 
of ethyl acetate and ethyl isobutyrate with sodium ethoxide has been made 
and from the results obtained the conclusion is drawn that the so-called 
"primary reaction product" postulated by Scheibler as the intermediate in 
the acetoacetic ester condensation and ketene acetal formation does not 
exist. 

MADISON, WISCONSIN RECEIVED AUGUST 12, 1932 
PUBLISHED JANUARY 11, 1933 

Notes 
Aryl p-Bromobenzenesulfonates as Derivatives for the Identification 

of Phenols 

In connection with the work on the higher alkyl sulfonatesl one or two 
aryl esters were prepared. These beautifully crystalline compounds were 
so readily prepared and so easily purified that further examples were 
characterized in order to show their value as derivatives for identification 
of phenols. 

The general method of preparation consisted of mixing equimolecular 
quantities of the phenol and p-bromobenzenesulfonyl chloride with about 
four equivalents of pyridine and stirring the mixture for about three hours 
a t  15' or lower. With small quantities, less time was needed for the 
reaction. The reaction mixture was decomposed with ice water containing 
enough dilute hydrochloric acid to combine with the pyridine. The aryl 
sulfonate was collected on a Buchner funnel and air dried. One recrystal- 

SOME ARYL p-BROMOBENZENESULFONATES 
Yield, Anal., % Br 

Phenol % M. p., OC. Calcd. Found 

Phenol 86 115.5 25.5 25.5 
a-Naphthol 81 104 22.0 21.9 
0-Naphthol 69 151-152 22.0 22.4 
0-Cresol 75 7&79 24.4 24.6 
?n-Cresol 74 69-70 24.4 24.3 
p-Cresol 76 100 24.4 24.5 
o-Nitrophenol 70 97-98 22.3 22.6 
m-Nitrophenol 70 108-109 22.3 22.4 
p-Nitrophenol 69 112 22.3 22.6 
o-Bromophenol 57 125 40.8 41.0 
Thymol 71 103.5 21.6 21.5 
Guaiacol 61 103-104 23.3 23.6 
2,4.6-Tribromophenol 85 139- 140 58.1 58.4 

Sekera and Marvel, THIS JOURNAL, 55,345 (1933). 
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lization from alcohol using a little decolorizing carbon usually gave a pure 
product. Table I contains a description of these compounds. 

CONTRIBUTION FROM THE 
CUEMICAL LABORATORY OF THE 

UNIVERSITY OF ILLINOIS 

Note on the Occurrence of Dehydrodeguelin and Dehydrotoxicarol in 
Some Samples of Derris Root 

BY E. P. CLARK AND GEORGE L. KEENAN 

On several occasions during the past two years, specimens of derris root 
were encountered which yielded no rotenone, but gave instead mixtures of 
yellow crystals whose melting points ranged from 200 to 225'. After 
purification by recrystallization from various solvents, these materials gave 
mixtures of dehydrodeguelin and dehydrotoxicarol. The identity of the 
substances was proved by the optical immersion method. In  two in- 
stances, dehydrotoxicarol predominated so that it was possible by fractional 
crystallization to isolate this substance in an analytically pure condition 
and identify it by comparison with an authentic sample as to melting point, 
mixed melting point and optical properties. The materials remaining in 
the mother liquors were recovered and after recrystallization were shown 
to consist of mixtures which were impossible to resolve but which when 
examined by the optical method referred to above were conclusively shown 
to be essentially dehydrodeguelin and dehydrotoxicarol. 

Recently there was obtained from a manufacturer of rotenone an inter- 
esting sample of yellow crystals derived from derris root which yielded no 
rotenone. Upon recrystallization this material yielded a beautiful yellow 
preparation which melted sharply a t  217'. Repeated recrystallizations 
from various solvents failed to alter the melting point, and i t  was thought 
that possiblyit was a dehydro derivative of an isomer of deguelin or rotenone. 
Upon subjecting the material to hydrolysis with alcoholic alkali, an acid 
corresponding to derrisic acid was readily obtained but it melted a t  
178' (derrisic acid melts at  158' while deguelic acid melts a t  186'). The 
melting point of this acid did not change after several recrystallizations, 
which was in harmony with the assumption stated above, especially since 
analysis of the acid showed its molecular formula to be the same as that of 
derrisic acid. In the meantime, oxidation of the dehydro derivative 
(m. p. 217') with perrnanganate in acetone and in alkaline aqueous solu- 
tions, and also with alkaline hydrogen peroxide, yielded 2-hydroxy-4,5- 
dimethoxybenzoic, nicouic, risic and derric acids? These facts, especially 
the isolation of nicouic acid in essentially the same yield as is obtained from 
dehydrodeguelin, proved that at  least the greater part of the original 

(1) Clark, THIS JOURNAL, 54, 3000 (1932) 
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preparation was dehydrodeguelin. Repeated recrystallization from tolu- 
ene of the acid which melted a t  178' was then undertaken, and its melting 
point was finally raised to 18G0. It was then shown by its melting point, 
mixed melting point and optical properties to be deguelic acid. 

A careful examination of the original dehydro compou~ld by the optical 
immersion method then revealed that it consisted of dehydrodeguelin and 
dehydrotoxicarol. This observation is of interest in that the mixture of the 
two substances was such that it could not be resolved by repeated recrystal- 
lization, and i t  possessed a sharp melting point. It may be possible that  
such conditions as here presented were responsible for the recording by the 
earlier workers upon derris root of various yellow compounds which melted 
in the range between 200 and 230°.2,3,4 It is of further interest that 
dehydrotoxicarol has not hitherto been reported as a natural plant con- 
stituent, and i t  was only recently that Merz6 reported for the first time the 
natural occurrence of dehydrodeguelin in the seeds of Tephrosia vogelii. 

(2) Sillevoldt, Ned. T i ~ d .  Pharm., 11, 246 (1899); Arch. Pharm., 237, 595 (1899). 
(3) Tattersfield and Roach, Ann. Appl .  Biol., 10, 1 (1923). 
(4) Power, Pror. A m .  Pharm. Assoc., 50, 296 (1902): Pharm. Arch., 5, 145 (1902); 6, 1 (1903). 
(5)  Merz, Arch. Pharm., 270, 362 (1932). 

CONTRIBUIION FROM THE INSECTICIDE DIVISION RECEIVED AUGUST 5,1932 
BUREAU OF CHEMISTRY AND SOILS PUBLISHED JANUARY 11, 1933 
AND THE MICROANALYTICAL LABORATORY 
FOOD AND DRUG ADNINISTRATION 
WASHINGTON, D. C. 

Furan Reactions. V. Derivatives of Furfuryl Alcohol 

Furfury1 txiphenylmethyl ether, CdH30-CH~-O-C(CGH~)~ was prepared 
and found to be a convenient derivative for the identification of furfuryl 
alcohol. Similarly, the furfuryl ether of 9,lO-diphenyl-9,lO-dihydro- 
anthracenediol was studied. 

Nine grams of triphenylchloromethane was added to a cold (0°) mixture 
of 3.3 g. of furfuryl alcohol and 40 cc. of pyridine. I t  was left for one and a 
half days a t  room temperature. Then it was diluted with 10 cc. of water 
and the resulting precipitate crystallized from alcohol. The white plates 
which formed melted a t  137-139'; yield, 4 g. 

CGHS OH 
Anal. Subs., 0.1892: Con, 0.5837; HzO, 0.1041. Caled. for 

G4HzoOe: C, 84.7; H, 5.92. Found: C, 84.2; H, 6.12. 'c' 
Diphenyldihydroanthroanthracenediol was prepared by 

~ 6 ~ 4 <  >c6~,  
the method of Naller and Guyot2 from phenylmagnesium C6Hs OH 
bromide and anthraquinone. Then 4.4 g. of it was refluxed 
for one hour with 2.2 g. of furfuryl alcohol and 20 cc. of acetic anhydride. 

l Quaker Oats Fellow, 1929-1930. 
Haller and Guyot, Compt. rend., 138,327 (1904). 



On cooling, needle crystals separated which, after recrystallization from 
alcohol, gave 0.5 g. of light cream-colored needles which melted a t  223'. 
The analytical data were satisfactory for the monofurfuryl ether of the diol. 

Anal. Subs, 0.1886: C02, 0.5763; Hz0, 0.0928. Calcd. for C J ~ H ~ ~ O J :  C, 83.8; 
H, 5.41. Found: C, 83.4; H, 5.47. 

DEPARTMENT OF CHEMISTRY RECEIVED AUGUST 8, 1932 
NORTRWESTERN UNIVERSITY PUBLISHED JANUARY 11, 1933 
EVANSTON, ILLINOIS 

Note on the Preparation of Trialkyl Phosphates and their Use as 
Alkylating Agents 

BY C. R. NOLLER AND G .  R. DUTTON 

Alkyl halides, sulfates, sulfites and sulfonates appear to be the best general 
alkylating agents known but because none of these classes of compounds is 
entirely satisfactory, it was considered desirable to investigate the use of 
other esters for this purpose. Preliminary experiments indicated that the 
alkyl borates, carbonates, nitrites and phosphites would be of no value, but 
the trialkyl phosphates showed some promise and were further investi- 
gated. 

None of the various methods for preparing alkyl phosphates reported in 
the literature1 proved as convenient as the reaction of phosphorus oxy- 
chloride with the alcohol in the presence of pyridine. This method is an 
adaptation of that used by Milobendski and Sachnovski2 for the prepara- 
tion of alkyl phosphites, in which benzene has been used as a solvent instead 
of ether and in which the pyridine hydrochloride is removed by adding 
water and removing the water layer instead of filtering off the solid pyridine 
hydrochloride. 

In order to compare the various esters as alkylating agents a standard 
procedure was developed using one equivalent of alkylating agent per mole 
of phenol. This method was not devised for producing the maximum yield 

TABLE I 
YIELDS OF PHOSPHATES AND PHENOL ETHERS 

Phosphates Phenol Ethers 
Ester % Yield B. p., OC. % Yield B. p., "C. 

Ethyl sulfate . . ................ 73.0 168-170 
Ethyl phosphate 51.7 104-107 (16 rnm.) 21.6 167-170 
n-Propyl phosphate 63.5 128-134 (15 mm.) Not run 
n-Butyl phosphate 74.0 160-162 (15 mm.) 39.0 204-211 
Sec.-butyl phosphate 44.0 119-129 (8-12 mm.) 18.7 188-198 
n-Amy1 phosphate 63.7 158-163 (6 mm.) 15.0 125-128 (25 mm.) 

(a) Evans, Davis and Jones, J. Chem. Soc., 1310 (1930); (b) Bannister, U. S. 
Patent 1,799,349 (1931); (c) Johnson, British Patent 330,228 (1930). 

Milobendski and Sachnovski, Chemik Polski, 15,34 (1917), [Chem. Abs., 13,2865 
(1919)l. 
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of ether but for ease of controlling conditions so that the results would be 
comparable. This accounts for the fact that the yield of phenetole using 
ethyl sulfate is not as high as that reported by Cade.3 The yields of 
phosphates and phenol ethers are given in Table I. 

It should be noted that while the yields of phenol ethers from phosphates 
are low compared with that from the sulfate, they are based on the amount 
of a l i i l  radical available. Many of the higher yields from other esters 
reported in the literature are based on the substance being alkylated, using 
a large excess of alkylating agent. 

Cade, Chem. Met. Eng., 29,319 (1923). 
CONTRIBUTION FROM THE RECEIVED AUGUST 30. 1932 
DEPARTMENT OF CHEMISTRY PUBLISHED JANUARY 11, 1933 
STANFORD UNIVERSITY 
STANFORD UNIVERSITY, CALIFORNIA 

COMMUNICATIONS TO T H E  EDITOR 

PREPARATION OF KETENE DIET= ACETAL 

Sir: 
According to the communication of Snell and McElvain [THIS JOURNAL, 

55, 416 (1933)l these authors were unable to duplicate the preparation of 
ketene diethyl acetal described by me [Scheibler, Marhenkel and Nikolic, 
Ann., 458, 28 (1927)l. This preparation, however, has often been accom- 
plished in my laboratory by several young chemists. The above failure 
may have been due to two causes. (1) The residue obtained from sodium 
ethoxide and ethyl acetate after removal of the volatile substances, con- 
taining the so-called "primary reaction product of the acetoacetic ester 
synthesis," may have lost alcohol during the treatment and been trans- 
formed into the sodium derivative of acetoacetic ester which, treated with 
water, of course did not give ketene acetal [Scheibler and Marhenkel, 
Ann., 458, 6, 18 (192711. 

The evaporation of ether and the excess ester must be performed quickly 
a t  low temperature under diminished pressure. I t  is not surprising that 
Snell and McElvain, who dried the residue in a vacuum desiccator over 
sulfuric acid until it  attained a constant weight, only obtained sodio- 
acetoacetic ester. The weight of the dry residue obtained by them from 
23 g. of sodium was only 90-100 g. instead of 125 g. A small amount of 
ethyl acetate may remain in the residue and be quickly saponified when 
it is treated with water, in contrast with ketene acetal, which does not 
undergo any decomposition in aqueous alkaline solution. 

(2) The authors may have used too much calcium chloride in shaking 



the ether solution for three or four hours with three successive portions of 
powdered calcium chloride. I only employed a quantity just sufficient 
to fix the alcohol which was mixed with ketene acetal. When being 
shaken in this way ketene acetal is held by the great surplus of solid 
calcium chloride, which is not the case when a concentrated aqueous 
solution of calcium chloride is used. The separation of alcohol is better 
performed in such a manner. The directions given by me should be 
changed as follows. 

After drying with anhydrous sodium sulfate, the ethereal solution from 
the extraction of the "primary reaction product" triturated with water, 
is distilled through a fractionating column. The residue containing ether 
only in a little amount is shaken intermittently during six hours with four 
parts of saturated aqueous solution of calcium chloride. Then it is ex- 
tracted with ether in a continuous extraction apparatus and the resulting 
solution is dried with anhydrous sodium sulfate. Observing the precau- 
tionary measures mentioned before, ether and finally ketene acetal are 
distilled; yield, 13 g. or 11.2% of the calculated amount based on 23 g. of 
sodium used. 

The preparation of dimethyl ketene diethyl acetal from ethyl isobutyrate 
was not successful with sodium ethoxide. It was performed in another 

'manner which will be described later. 
TECHNISCHE HOCHSCHULE OF BERLIN HELMUTH SCHEIBLER 
LABORATORY OF ORGANIC CHEMISTRY 
BERLIN-LICHTERFELDE, GERMANY 

RECEIVED OCTOBER 19, 1932 PUBLISHED JANUARY 11, 1933 

KINETICS OF THE MERCURY SENSITIZED REACTION BETWEEN HYDROGEN 
AND OXYGEN 

Sir: 
Investigations of the mercury sensitized photo-reaction between hydro- 

gen and oxygen have given rise to a large number of conflicting and uncon- 
nected data. These have been used to set up mutually conflicting theories 
of the mechanism of the reaction of hydrogen atoms with oxygen. It can, 
however, be demonstrated that almost all the known facts can be correlated 
and be completely in accord if we assume as the true mechanism: 

Hg + hv -+- Hg' I abs 
Hg' + Hz ----t 2H f Hg k ~ t  
Hg' + 0 2  --J. 0 2 '  + Hg koa 

H + 0 2  --J. HOz k1 

HOz + Hz -+ Hz02 + H kn 
HOz + HOz -+ Hz02 + 0 2  k~ 

These give the kinetic expression 
d [H2021 - k2 [H!l 4 [Hz1 ~ I I *  1 abs [Hz] kHz I abs 

dt 4% [ H z ] k ~ , i - [ O s l k o ~ +  [ H z I k ~ z f  [Onlko~ 



Jan., 1933 COMMUNICATIONS TO THE EDITOR 427 

Assuming k * / d G  = loA3, this equation fits exactly the data of Marshall 
[THIS JOURNAL, 49, 2763 (1927)l on the influence of [Hz] and [02] on the 
rate, if we put for kH1 1.1 X lo7, KO, 0.68 X lo7 as determined by Zemansky 
[Phys. Rev., 36, 919 (1930) 1. The constant (I abs) so obtained is constant 
to within less than 3% for all the experiments of Marshall not indicated as 
uncertain. Furthermore, the value of the quantum yield as calculated, 
using k ~ / d G  = 10-3 lies between 1 and 2 in those experiments, in close 
agreement with those experimentally determined (1-2.5). In  addi t i~n,  
the discrepancy between the quantum yield measurements of Franken- 
burger and Klinkhardt [Z. physik. Chem., 15B, 421 (1931)l and by Marshall 
[.T. Phys. Chem., 30, 1078 (1926) ; THIS JOURNAL, 54, 4460 (1932) 1 is ex- 
plained, in that the former used a light intensity a hundredfold greater than 
the latter. The mechanism postulated calls for a higher quantum yield 
with lower intensities, which is again in agreement with the experiments. 
This subject will be given a complete exposition in a paper shortly to  be 
submitted to the JOURNAL. 

DEPARTMENT OF CHEMISTRY JOHN R. BATES 
UNIVERSITY OF MICHIGAN 
ANN ARBOR, MICHIGAN 

RECEIVED DECEWBER 5, 1932 PUBLISHED JANUARY 11,1933 

FURTHER REMARKS ON THE PREPARATION OF KETENE ACETAL 
Sir: 

Scheibler [THIS JOURNAL, 55, 425 (1933)l ascribes our failure to obtain 
ketene acetal [ibid., 55, 416 (1933)], first, to too long standing of the 
"primary reaction product" over sulfuric acid, and second, to the use of 
excessive amounts of calcium chloride in the purification of the product. 
The first reason is not valid because we did not use a "primary reaction 
product" which had attained constant weight over sulfuric acid, but 
rather the residue left after the evaporation of the reaction mixture a t  
room temperature under diminished pressure in a vacuum desiccator as 
described by the original investigators [Scheibler and co-workers, Ann., 
458, 28 (1927)l. On account of the second reason Scheibler now revises 
his original extraction procedure. 

In consideration of this revised procedure we have made two further 
attempts to prepare ketene acetal. The same quantities of materials 
that were used in our earlier work were employed. The preparation of 
the "primary reaction product" was carried out in a tared 3-liter round- 
bottomed Pyrex flask. In this way it was possible to evaporate the ether 
and ethyl acetate from the reaction mixture and obtain a dry residue in 
about six hours, whereas evaporation in a vacuum desiccator according 
to the original procedure required about ten hours. It is not apparent to 
us how the time for this evaporation can be further decreased without 



the application of heat. The weight of the dry residue obtained in our 
latest experiments was in one case 77 g. and in the other 78 g. instead of 
125 g. reported by the original investigators. In fact, intermittent weigh- 
i n g ~  of the tared evaporation flask during the latter period of the evapora- 
tion showed that when its contents weighed 125 g. they were still liquid. 

On working up these residues according to the revised procedure of 
Scheibler we obtained in one case 7 g. (A) and in the other 9 g. (B) of 
product a t  the point where ketene acetal should appear. In each of these 
products the amount of ethyl acetate was determined by saponification 
of an aliquot with 0.1 N potassium hydroxide and the amounts of ethyl 
alcohol and water were estimated by treatment of an aliquot with phenyl 
isocyanate followed by the isolation of the phenyl urethan and diphenyl 
urea. The following summary shows the percentages of these substances 
which were found to be present in the products which we obtained. 

Ethyl Total yo 
Product acetate, 9% Alcohol, %" Water. % found 

A 13.0 72.5 2 .2  87.7 
B 0 87.5 1 .5  89.0 

" Analyses of a known mixture of alcohol and ethyl acetate, containing 85y0 of 
the former and 15% of the latter showed that only 85-90% of the alcohol could be re- 
covered as the phenyl urethan, m. p. 52 ". 
These results show that the products which we obtained were mainly 
alcohol containing small amounts of water and ethyl acetate. It is our 
opinion that the failure of the found values to total 100% is due to the 
limitations of the procedure used for the determination of alcohol. 

On the basis of our experiences, we believe that our failure to prepare 
ketene acetal is traceable to the discrepancy between the results reported 
by Scheibler and those obtained by us in connection with the formation 
of the so-called "primary reaction product" from ethyl acetate and sodium 
ethoxide. The results which we report now confirm our earlier conclusion 
that there is not only no evidence for, but definite evidence against, the 
existence of such a reaction product. 

LABORATORY OP. ORGANIC CHEMISTRY JOHN M. SNELL 
UNIVERSITY OF WISCONSIN S. M. MCELVAIN 
MADISON, WISCONSIN 

RECEIVED NOVEMBER 12, 1932 PUBLISHED JANUARY 11, 1933 

BROMINE SENSITIZED PHOTO-DECOMPOSITION OF CHLORZNE DIOXIDE 
Sir: 

Chlorine dioxide is decomposed by light with production of ClaOa, 
light in the blue and ultraviolet being equally effective [Finkelnburg 
and Schumacher, Z.  physik. Chem., Bodenstein Band, 704 (1931) ; Spinks, 
THIS JOURNAL, 54, 1689 (1932)l. Since the region of predissociation in 
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ClOz does not extend above 3750 A., it was thought that further investiga- 
tion would prove interesting. It is found that the quantum efficiency a t  
4360 A. is only slightly less than that at  3650 a. ClOz does not absorb 
a t  5460 A. and no photoreaction is obtained on isolating ClOa with light 
of this wave length using a mercury arc and glass filter. On adding a 
small percentage of bromine a sensitized photoreaction takes place using 
5460 A., the quantum efficiency being practically equal to that a t  3650. 
The equal efficiency of 3650 and 4360 A. is explicable by the scheme sug- 
gested by Schumacher in which predissociation or the activation of CIOz 
molecules leads eventually to the production of lClO + 1C1o3 by one 
quantum of light. Apart from differences in energies of these groups one 
would expect any chains resulting to be of the same length. The equal 
quantum efficiency of 5460 A. could be explained by 

Brz + hv -+ Bn' 
Brz' + ClOz + C102' + Br2 

and then as before. It would be necessary that practically all the acti- 
vated bromine molecules should be deactivated only by ClOz molecules 
under our conditions. 

UNIVERSITY OF SASKATCHEWAN J. W. T. SPINKS 
SASKATOON, SASK., CANADA 

RECEIVED DECEMBER 5,1932 PUBLISHED JANUARY 11, 1933 

ROTATORY DISPERSION IN THE VISIBLE AND THE ULTRAVIOLET RANGE 
OF CONFIGURATIONALLY CORRELATED CARBINOLS, HALIDES AND ACIDS 
sir: 

High precision dispersion measurements in the visible and in the ultra- 
violet to about 2300 A. have been made on the following substances, the 
configurations of which have been correlated by Levene and Marker. 

Compounds 

Sign of Sign of Sign of 
observed contribution contribution 
rotation of the of the 
in the functional rest of the 
visible group molecule 

1-Iodo-2-methylnonane - f - 
P-Methyl-n-valeric acid - + - 

It may be seen from this table that individual substances of this group 
vary in the direction of their rotation in the visible. An explanation of the 
differences in the direction of rotations of the correlated substances has 
been found by the analysis of their rotatory dispersion curves. 

The dispersion curves of all these substances may be expressed by the 
two-term Drude formula 



for rotatory dispersion. In our case the higher Xo value has a definite 
physical significance corresponding to a known absorption band (2050 A. 
for COOH, 2560 A. for I in 2-methyl-n-nonyl iodide). The contribution of 
the functional group (first term of above formula) is of opposite sign to the 
contribution of the rest of the molecule (second term). The direction of the 
first term is to the right and that of the second is to the left. It follows 
from this that in the levorotatory substances the sign of the contribution 
of the first band is opposite to the sign of the rotation of the substance ob- 
served in the visible. Thus, the sign of the rotation in the visible of the 
two halides is opposite to the sign of the contributions of Br and of I, which 
is contrary to the view expressed by W. Kuhn [Ber., 63, 191 (1930)], 
whereas in the secondary halides as well as in 1-bromo-3-methylpentane 
and in 1-iodo-4-methylhexane the direction of the contribution furnished 
by the halides determines the direction of the rotation in the visible. 

The most striking example of the first band exerting a minor influence on 
the rotation in the visible is given by 0-methyl-n-valeric acid. With de- 
creasing wave lengths, the rotation increases slowly, reaches a maximum 
a t  2850 A., decreases sharply to a zero value a t  2450 A. and increases in 
the opposite direction for still smaller wave lengths. The molecular rota- 
tion in heptane is accurately represented (* 1%) by the equation 

The details of this study as well as the results dealing with the influence 
of the distance of the functional group on the sign of its contribution will be 
discussed in full in the near future. 

THE ROCKERELLER INSTITUTE P. A. LEVENE 
FOR MEDICAL RESEARCH ALEXANDRE ROTHEN 
NEW YORK, N. Y. 

RECEIVED DECEMBER 7, 1932 PUBLISHED JANUARY 11. 1933 

AN ABSOLUTE METHOD FOR ESTABLISHING ORIENTATION IN THE FURAN 
SERIES 

Sir: 
Identification of the simpler substitution products of furan, such as the 

methylated and halogenated furans, is not readily accomplished on account 
of the difficulty of obtaining solid derivatives from them. The observation 
that addition of maleic anhydride to furan and certain substituted furansl 
gives rise to crystalline solids, has led us to investigate this reaction as a 
general method for the identification of furan derivatives.~ We have found 
that addition of maleic anhydride occurs with a variety of substituted 

(I) Diels and Alder, Ber., 62, 554 (1929); Rinkes, Rec. !raw. chim., 60, 1127 (1931). 
(2) We are indebted to Professor Diels for his courtesy in permitting us to investigate this applica- 

tion of the maleic anhydride reaction. 
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furans but is hindered by the presence of certain substituents. Crystalline 
solids were obtained from 2-bromofuran (m. p. 116O), 3-bromofuran (m. p. 
131.5-132O), furfuryl methyl ether (m. p. 97"), furfural diacetate (m. p. 
126.5-127O), furf;lrylacetone (m. p. 86-87') and several others. We have 
not succeeded in obtaining addition products from compounds containing a 
carbethoxyl, cyano, nitro or ethylenic group attached directly to the ring. 

A study of the effect of hydrolytic agents upon the addition products 
(substituted 3,6-endoxo- A4-tetrahydrophthalic anhydrides) has shown that 
they can be converted directly into the corresponding phthalic acids (or 
 anhydride^).^ Since the orientation of the substituents in the resulting 
phthalic acids (or anhydrides) is known, this transformation constitutes an 
absolute method for establishing the position of substituents in the furan 
ring. Thus, the substituted 3,6-endoxo- A4-tetrahydrophthalic anhydrides 
from 2-methylfuran, 2- and 3-bromofuran on heating with hydrogen bro- 
mide in glacial acetic acid gave, respectively, 3-methylphthalic anhydride 
(m. p. 111-113O), 3-bromophthalic anhydride (m. p. 134-135O), and 4- 
bromophthalic anhydride (m. p. 108-llOO). We are now engaged in ex- 
tending the obsen-ations reported here. 

(3) Diels and Alder [Ann., 490, 243 (1931)l have shown that the addition product from furan and 
maleic acid can be converted into phthalic acid by a series of five reactions, involving four intermediate 
products. 

DEPARTMENT OF CHEMISTRY M. G .  VAN CAMPEN, JR. 
CORNELL UNIVERSITY JOHN R. JOHNSON 
ITHACA, N. Y. 

RECE~VED DECEMBER 9, 1932 PUBLISHED JANUARY 11, 1933 

VAPOR PRESSURE AND HEAT OF VAPORIZATION OF GRAPHITE 
Sir: 

A large amount of experimental work has been carried out in the past 
decade to determine the vapor pressure and heat of vaporization of graphite 
and very discordant values are given in the literature. We have recently 
investigated this problem, determining vapor pressure from the rate of 
loss in weight of carbon rings heated by high frequency induction in a 
vacuum [reported to April, 1932, Meeting, American Philosophical So- 
ciety]. The interpretation of the results is complicated by the fact that 
carbon vapor exists in both monatomic and diatomic forms, the relative 
amounts being determined by the total pressure and the temperature. 
Vaughan and Kistiakowsky [Phys. Rev., 40, 457 (1932)l have independ- 
ently made calculations, using the equations of quantum statistical me- 
chanics, which support this conclusion. 

It is possible to reconcile our results in the temperature range 2350- 
2800°K. with those of Kohn and Guckel [Z. Physik, 27,305 (1924)l on the 
vapor pressure of carbon in the arc. 

They have taken the value of 4200°K. as the temperature of the positive 



crater a t  1 atmosphere pressure. This value is due to Benedict [Ann. 
Physik, 49, 144 (1916)J. The method used by her has been adversely 
criticized by others and a careful search of the literature shows that this 
temperature may be 200' too high. 

The following values are the heats of reaction for the two processes in- 
volved: 

Csolld 4 Cmonatarnic v a ~ o r  AH = 177 k. cals. ( 1 )  
Cz --+ 2C AH = 150 k. cals. ( 2 )  

The rate of loss in weight in g./sq. cm./sec. as a function of temperature is 
given by the formula 

177,000 F O  - E," 
log m = - - 

4.58T + 2 l o g T + ( = )  gra~hite  + X I 7 4  (3 

This equation applies only to the carbon evaporating to form mona- 
tomic vapor. In the temperature range 2300-2800°K. this is 92-96% of 
the total carbon evaporating. The vapor pressure can be calculated from 
the rate of loss in weight by the equation 

log p = log m + 1/2 logT - 2.187 ( 4 )  

where p is expressed in atmospheres. The equation for the variation of the 
equilibrium constant of reaction (2) as a function of temperature is 

(Po)" log - = - --- 
(PC%) 

1501000 + 3/2 log T + log (1 - 
4.581" 

When this equation is applied to the results of Kohn and Giickel the fol- 
lowing values are calculated for the partial pressures of monatomic carbon 
vapor 

T. OK. Total pressure PC (atm.) PC (extrap.) 

The fourth column gives the values extrapolated by equations (3)  and 
(4) from the results in the temperature range 2350-2800°K. In making 
the extrapolation it was assumed that the latent heat of fusion of graphite 
was 8000 cal. 

RESEARCH LABORATORY A. L. MARSHALL 
GENERAL ELECTRIC COMPANY FRANCIS J. NORTON 

SCHENECTADY, N. Y. 
RECEIVED DECEMBER 9, 1932 PUBLISHED JANUARY 11,1933 

A SIMPLE TEST FOR STREAMING IN THE POROUS DIAPHRAGM 
DIFFUSION CELL 

Sir: 
The diffusion cell of Northrop and Anson [J. Gen. Physiol., 12, 543 

1929) J as further standardized by McBain and Liu [THIS JOURNAL, 53, 
59 (1931); see also M. E. Laing McBain, THIS JOURNAL, in press (1033)l 
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is now widely used in this country and abroad as a highly convenient and 
accurate method. These authors eliminated bulk streaming of liquid 
through the sintered glass or other porous membrane by careful leveling of 
the membrane which separates the denser liquid above from the lighter 
liquid beneath. Several workers have obtained erratic results when using 
membranes that were too coarse. 

We find that it is simplest to test all cells for streaming by using them 
once tilted at  an angle such as 30'. If the pores are too coarse, the values 
for diffusion may be increased as much as four-fold as compared with 
either the same cell used horizontally or with a cell of fine pores. Such 
cells should be discarded because those with finer pores such as glass sin- 
tered membranes "G3" (2-5 X lo4 A) are scarcely affected by tilting. 

DEPARTMENT OF CHEMISTRY C. R. DAWSON 
STANFORD UNIVERSITY, CALIF. 

RECEIVED DECEMBER 14, 1932 PUBLISHED JANUARY 11, 1933 

THE RADIOACTIVITY OF LANTHANUM, NEODYMIUM AND SAMARIUM 

Sir: 
In view of the note in Nature 1130, 846 (1932)J by Hevesy and Pahl 

regarding the radioactivity of samarium, we wish to report an inde- 
pendent investigation on this subject. In October of this year we dis- 
covered radioactivity in a sample of samarium and since that  date we 
have examined samples of lanthanum and neodymium which are also 
radioactive. 

The method employs the Geiger-Miiller counter set-up as described 
by Libby [Phys. Rev., 42, 440 (1932) j. The salts investigated have 
been deposited as a thin film on the inside of a glass tube. This is placed 
around the counter which is in the form of a long wire enclosed in a metal 
screen cylinder. In a typical run 20 g. of potassium chloride deposited 
on the tube increased the zero count of 15 per minute to 160. 

The activities of the samples of lanthanum and neodymium are not 
appreciably screened by 0.07 mm. of aluminum, whereas that of samarium 
is very largely, if not completely, screened, indicating that the activities 
of the former are malnly of the beta type and that of the latter alpha. 
We have used two different samples of neodymium, one sulfate and the 
other oxalate. Both show an activity which is approximately 2.5 times 
that of potassium per mole. The lanthanum activity per mole is about 
8 times that of potassium and the samarium approximately 3 times. 
A careful examination of a very pure sample of gadolinium sulfate pre- 
pared by Professor B. S. Hopkins gave results which are negative to a t  
least 2y0 per mole of the activity of potassium. 

We believe that the radioactivity of these elements is due to the 



presence of unstable isotopes, but have not completely eliminated the 
possibility of actinium as an impurity in the lanthanum and neodymium 
samples. This point is under investigation. 

NEW BOOKS 

A History of Chemistry. By F. J. MOORE, Ph.D., Late Professor of Chemistry in the 
Massachusetts Institute of Technology. Second edition. Revision prepared by 
William T. Hall. McGraw-Hill Book Company, Inc., 370 Seventh Ave., New 
York, 1931. xxiii + 324 pp. Illustrated. 14.5 X 21 cm. Price, $3.00. 

The revision of this serviceable book has not involved a departure from the general 
plan of the first edition. The essential change, apart from restatements necessitated by 
recent discoveries, is the inclusion of biographical sketches of two groups of chemists, 
viz., (I) brilliant chemists who died during the last twelve years and (2) deceased Ameri- 
can chemists who contributed material to the development of chemistry in this country. 
It is to be regretted that the bibliography a t  the end of the chapters has not been en- 
larged, particularly since so many admirable articles on the history of chemistry have 
appeared during the last ten years in the Journal of Chemical Education. The chapter 
devoted to chemistry in the United States would be more in harmony with the rest of 
the book, and certainly more useful to American students, if the growth was described 
as a connected narrative rather than in the form of disconnected biographies. However, 
the book as revised is an excellent example of books in its field and a faithful expression of 
the scholarship of the author, whose life as a scientist and as a teacher is briefly recounted 
in the introductory portion. 

LYMAN C. NEWELL 

Elementary Qualitative Analysis for College Students. By J. H. REEDY, Associate 
Professor of Chemistry in the University of Illinois. Second edition. The Mc- 
Graw-Hill Book Co., Inc., 330 West 42d St., New York, 1932. x + 163 pp. 
13 figs. 14 X 21 cm. Price, $1.50. 

"The changes consist mainly in the inclusion of new procedures based upon reagents 
recently developed, and the extension of older methods to more difficult combinations. . . . 
Practically the whole book has been rewritten.. . . If the book has a distinctive feature, 
it is the emphasis placed upon interpretative work on the part of the student." 

Preliminary experiments, notes, and exercises following each group will convince 
the student that the reagents and conditions as specified are well planned to separate 
the ions sharply and to detect them with certainty. 

The theoretical treatment is clear and helpful. Greater stress might have been laid 
upon the fact that the whole of qualitative analysis can be formulated in terms of a very 
limited number of equilibria, and displacements of the same. 

Here and there are statements which could be revised to advantage, and without 
appearance of pedantry. Thus ionic precipitates (p. 2) appear to be produced from 
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insoluble molecules preexisting in solution. Stannic chloride and even stannic ion (p. 
25) are pictured as stable in water. "NH40H is a very weak base" (p. 81). The elec- 
tromotive series (p. 151) is merely a column of metals, rather than a comprehensive 
system of oxidizing and reducing agents arranged in pairs, the order of which depends 
upon concentrations. 

This book is highly teachable. Grounds for criticism are few indeed, and unim- 
portant when contrasted with its many admirable qualities. 

G. S. FORBES 

Lehrbuch der Metallkunde. Chemie und Physik der Metalle und ihrer Legierungen. 
(Textbook of metals. Chemistry and Physics of Metals and their Alloys.) 
By GUSTAV TAMMANN, Gottingen. Fourth, enlarged edition. Verlag von Leopold 
Voss, Salomonstrasse 18 B, Leipzig C 1, Germany, 1932. xv + 536 pp. 385 figs. 
15.5 X 23.5 cm. Price, RM. 48; bound, RM 49.50. 

This is the fourth edition of Tammann's well-known work, the first three of which, 
in 1914, 1921 and 1923 were issued under the title Lehrbuch der Metallographie. The 
former title connotes a study of the microscopic structure of metals, and since this 
book covers much more, the title is very properly changed to be more descriptive of the 
contents. As compared with the last edition, there has been a 50% increase in the num- 
ber of diagrams, and a somewhat smaller increase in the number of pages and new text. 
The new text covers both new methods which have come into prominence during the 
last ten years, such as a description of the work of the German metallurgists on the 
plastic deformation of single crystals and a more adequate description of x-ray methods 
of analysis, and also the vast amount of new experimental knowledge of the phase dia- 
grams of alloys. The old text has also in many cases been revised, but not in all. Thus, 
the very first sentence of the introduction is the same as the introduction of the original 
1914 edition: "By the word alloy was understood, 30 or 40 years ago. . . ." 

As is perhaps natural for an author who has himself covered so many of the fields 
of activity of the metallurgist, the emphasis is perhaps too much on Tammann's per- 
sonal activities to give a well-balanced presentation of the whole subject. Thus i t  is 
unfortunate that matters in which Tamman~ does not agree with other investigators are 
presented without a reference to the other side or even an intimation that there is dif- 
ference of opinion, such as the course of the melting curve a t  high pressures, and the 
sign5cance of the behavior of eutectic and other mixtures under acid attack. There is 
also too little tendency to mention work in other countries than Germany. For in- 
stance, the important work of Hume-Rothery on intermetallic compounds is not men- 
tioned by name, and in the tables the old formula AgzZna is retained instead of the new 
AgsZns, which is the basis of part of Hume-Rothery's theory, although there is in the 
text a brief reference to AgGns in terms which cannot possibly bear on the AgzZnr of the 
table. 

When due allowance is made for all defects, however, the book remains a monu- 
mental one, and a record of an almost incredible amount of achievement for which Tam- 
mann has been personally responsible. No one can read it without being stimulated by 
the extraordinary range and vivacity of Tammann's imagination. What other author 
could present us from his personal experience with an array of topics, all of them made 
to have suggestive implications, such as: "The dependence of nuclear number on 
subcooling," "The spreading of mercury drops on metallic surfaces," "The precipitation 
of polonium from its solutions," "Change of color on cold-working," "The change with 
temperature of the angle at  which two polished plates slide on each other," to mention 
only a few? 

P. W. BRIDGMAN 



Die experimentellen und theoretischen Grundlagen der Elektronenbeugmg. (The 
Experimental and Theoretical Principles of Electron Dsraction.) By H. MARK 

and R. WIERL. Verlagsbuchhandlung Gebriider Borntraeger, Schoneberger Ufer 
12a, Berlin W 35, Germany, 1931. iii + 126 pp. 60 figs. 16.5 X 25 cm. Price, 
to subscribers, unbound, RM. 12; bound, RM. 13.60. Separately, unbound, RM. 
16; bound, RM. 18. 

What impresses one most about this monograph of Mark and Wierl is its complete- 
ness---no paper on the diffraction of electrons by atoms, molecules or crystals, either 
theoretical or experimental, has eluded the authors' attention, and none has failed to 
supply illumination to their text. In 126 pages the content of some 150 articles which 
constitute the literature of their subject up to April, 1931, is organized and reviewed in a 
discriminating and pleasing manner. This is particularly true of the sections devoted 
to the experimental work, which together make up about three-fourths of the whole. 

The contributions which the authors have themselves made in this field are well 
known-particularly their important and beautiful work on the diffraction of electrons 
by molecular vapors. It is not surprising perhaps that with their interests more deeply 
engaged on the experimental side, their treatment of this part of the subject strikes one 
as rather more sure-footed than their treatment of the purely theoretical part. The 
latter is marred unfortunately by numerous typographical errors not all of which are 
corrected by a table of errata. With this not very important reservation, the mono- 
graph may be recommended as a comprehensive survey of its subject and a reliable 
guide to the literature. 

The death of the junior author, announced reccntly in German periodicals, has come 
as a shock to physicists the world over. It would be difficult indeed to think of a young 
experimental physicist who had shown greater promise than Dr. Wierl. 

C. J. DAVISSON 

Manuale di Analisi Chiiica. Clinica, Fisio-patologica ed Igienica ad Uso dei Medici 
e Studenti. (Manual of Chemical Analysis: Clinical, Physio-Pathological and 
Hygienic. For the Use of Physicians and Students.) By CESARE SERONO and 
ALPONSO CRUTO. Second edition. Unione Tipografico-Editrice Torinese, Torino, 
Italy, 1932. xv + 483 pp. 85 figs. 15 X 22.3 cm. 

This is an elementary textbook of the kind used by medical students thirty years 
ago, except that many of the biochemical methods described are fairly modern. It 
deals more exclusively with ordinary qualitative and quantitative analysis than with 
the analysis of biological material and does not correspond very closely to biochemistry 
as it is taught in this country. 

OTTO FOLIN 

Wissenschaftliche Photographie. Eine Einfiihrung in Theorie und Praxis. (Scientific 
Photography. An Introduction to Theory and Practice.) By Dr. E. v. ANGERER, 
Professor at the Technical High School of Munich. Akademische Verlagsgesell- 
schaft m. b. H., Leipzig C 1, Germany, 1931. viii + 185 pp. 99 figs. 16 X 24 
cm. Price, M. 11, unbound; M. 12.80, bound. 

This book fills in the gap between the elementary practical handbooks of photogra- 
phy on the one hand, and the very comprehensive treatises on the other. I t  provides a 
good general survey of the most important aspects of practical and theoretical photogra- 
phy, in terms familiar to the physicist and chemist, and in a manner calculated to assist 
them in an intelligent understanding of the principles of the science which they employ 
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in a considerable part of their work. It is regrettable that the average scientific worker 
is unable to make the best of use of the photographic process, owing to an incomplete 
understanding of the properties, and limitations, of photographic materials, and of the 
elementary principles underlying the photographic process. A study of this book should 
be of considerable help to him wherever he applies photography to his scientific or 
technical work. 

WALTER CLARTE. 

Les Problames de la Biochimie Moderne. (Problems of Modern Biochemistry.) 
By G. FLORENCE, Proiessor in the Faculty of Medicine of the University of Lyon, 
and J. ENSELME, Docteur 6s Sciyces, Faculty of Medicine, Lyon. Preface by L. 
Hugounenq. G. Doin et Cie, Editeurs, 8, Place de I'Odeon, Paris 6', France, 
1932. 312 pp. Illustrated. 15 X 24.5 cm. Price, fr. 45. 

Reading the table of contents of this book impresses one with its excellent plan. 
The first half is devoted to a description of biochemical molecules--static biochemistry. 
The second half includes a section on kinetic biochemistry and another on physiological 
chemistry. There is an appendix on nomenclature and another on thermodynamics. 

The execution of the plan, however, is less satisfactory. Most useful publications 
relating to biochemistry are textbooks, monographs or accounts of investigations. In 
writing this book the authors have fallen between two stools; the result is less complete 
than a textbook and less precise and up-to-date than a monograph. Chapters 5-7 
on the amino acids, peptides and proteins illustrate the point. These chapters contain 
less than one finds in many textbooks. Since the 52 literature references include only 
3 which are later than 1927 the treatment is hardly more up-to-date than Cohn's "Phys- 
ical Chemistry of the Proteins" published in Physiological Reviews seven years ago. 

The numerous typographical errors are irritating and sometimes bewildering. 
The 24 items listed in the "Errata" are but a small proportion of the errors which 

occur. Thus on p. 192 one finds [G] for [OH], (H2) for [A] and on p. 197,6 1 for 6.1. 
One receives the impression that the chances are against correct spelling of English 
words. There are 4 English titles in the bibliography of Chapter I1 and a word is mis- 
spelled in each, uiz ,  collo?dal, proteines, leathe, dynamies. An amusing aspect of the 
carelessness in proof reading is the originality in abbreviation. At least ten different 
abbreviations for Zeitschrift may be found. 

D. B. DILL 

Quantitative Clinical Chemistry. Volume 11. Methods. By JOHN P. PETERS, M.D.. 
M.A., Professor of Internal Medicine, Yale University School of Medicine, and 
DONALD D. VAN SLYKE, Ph.D., Sc.D., Member of the Rockefeller Institute for 
Medical Research. The Williams and Wilkins Company, Mt  Royal and Guilford 
Aves., Baltimore, Md., 1932. xix + 957 pp. Illustrated. 15.5 X 23.5 cm. 
Price. $10.00. 

This long expected volume has now appeared and it is doubtless being examined 
by many who knew beforehand that they must own it. Like the first volume, it is pri- 
marily a book for clinicians rather than for chemists. Its 32 chapters cover about every 
kind of quantitative measurement and determination called for in completely equipped 
clinical laboratories. But the book is not a compendium or handbook giving a descrip- 
tion of all of the better known methods. The 200-page section devoted to the descrip- 
tion of gasometric methods is by far the most comprehensive and complete and naturally 
so because of Van Slyke's extensive work in this field of analysis. Many of the other 



chapters are unexpectedly brief. In these chapters, the authors, as is explained in the 
preface, have endeavored to confine themselves to the description of one method repre- 
senting each of the major fundamental principles of analytical chemistry, such as weigh- 
ing, titration and colorimetry. 

This scheme, excellent as it may be in the field of inorganic analysis, does not corre- 
spond very well to the development of biochemical analysis during the past twenty years, 
and the authors have not been able to adhere to it with any high degree of uniformity. 
The plan has also compelled the authors to assume the responsibility of selecting one out 
of several methods of sometimes equal and in other cases of unequal merit. In the case 
of uric acid in urine, for example, nearly all present-day determinations are made colori- 
metrically, and several reliable procedures based on this principle are known. Only 
one colorimetric method is given for this determination, however, and it happens to be a 
short-cut method which is unreliable in practice and theoretically indefensible. The 
extensive experience of the authors has of course saved them from making many such 
unfortunate selections. Most of the methods selected for description are undoubtedly 
capable of yielding valid results even though, in some cases, they are not the best known 
or most widely employed. Among the methods of doubtful validity should perhaps be 
cited those given in Chapter 19 on the determination of phenols in blood and in urine. 
This statement is in no sense a reflection on the authors, but it is probably a fact that 
the methods as yet available for the determination of phenols, including the methods for 
which the reviewer is responsible, should still be regarded only as tentative or provisional 
procedures. 

Chapter 15 is rather interesting in that here the authors describe the method for the 
determination of creatinine in blood and admit that they still use the method while at  
the same time they endorse the view that blood contains no creatinine. That view rests 
on rather slender evidence, but the interpretation is important since it carries with it the 
corollary, also accepted by the authors, that the creatinine in the urine is formed in the 
kidneys. 

Most of the chapters in the book open with a general discussion more or less his- 
torical in character, and all of the different chapters contain a generous supply of refer- 
ences to original literature. Some of the described methods are based only on personal 
communications. 

The appearance of this book has one especial significance. As its title indicates, it 
deals only with quantitative determinations. The innumerable often meaningless and 
sometimes misleading qualitative tests, which still represent nearly all that many 
clinicians know about the applications of biochemistry, are omitted. Teachers of bio- 
chemistry in medical schools might well note the important hint implied in the appear- 
ance of such a book by two such eminent authors. 

OTTO FOLIN 

Chemistry of the Opium Alkaloids. By LYNDON F. SMALL. Consultant in Alkaloid 
Chemistry, United States Public Health Service, and ROBERT E. LUTZ, Associate 
Professor of Chemistry, University of Virginia. Prepared by direction of the 
Surgeon-General as Supplement No. 103 to the Public Health Reports. Superin- 
tendent of Documents, Government Printing Office, Washington, D. C. ix + 
375 pp. 15.5 X 23.5 cm. 

Seldom, in all probability, has such a wealth of detailed information in reasoned 
form been presented in so small a compass as in this volume, which is a result of co- 
operative work between the Committee on Drug Addiction of the Division of Medical 
Sciences of the National Research Council and the Division of Mental Hygiene of the 
U. S. Public Health Service. Those who have followed the painstaking investigations 
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in the domain of alkaloid chemistry published from the laboratory of the authors must 
have recognized the erudition which had necessarily to be acquired before research in this 
intricate and well-explored field could be undertaken, That the fruit of so much labori- 
ous reading has now been laid before the public, in palatable and relatively assimilable 
form, is truly a matter for congratulation. 

The subject matter is divided into two parts, dealing with the alkaloids derived, 
respectively, from benzylisoquinoline and from phenanthrene; each part is subdivided 
into about eighteen sections devoted to individual alkaloids and their immediate de- 
rivatives. Every section is constructed on the general plan: (1) history, (2) empirical 
description, (3) development of constitution, (4) synthesis, (5) description of salts and 
derivatives, (6) bibliography. Not a word is wasted, nor is, apparently, a pertinent fact 
omitted. By means of an appendix, covering the literature of about two years, the in- 
formation has been brought up to date of January 1,1932. 

Professor Wieland, in an appreciative Foreword, subscribes to the belief of the 
authors that "every reaction and every compound described in the literature is men- 
tioned," and points out that this book far transcends a mere systematic collection of 
facts by virtue of its historical and critical treatment of the questions of constitution. 
Organic chemists should be grateful to the authors and to the government for publishing 
so impressive and valuable a work. 

H. T. CLARKE 
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Third Report of the Committee on Atomic Weights sf the 
International Union of Chemistry 

BY G. P. BAXTER (Chairman), MME. M. CURIE, 0. H~~NIGSCHMID, 
P. LE BEAU AND R. J. &!EYER 

Method 

1 
2 

The following report of the Committee covers the twelve month period, 
September 30, 1931 to September 30, 1932.l 

Only two changes in the table of atomic weights are recommended, 
from 126.932 to 126.92 in the case of iodine and from 138.90 to 138.92 
in the case of lanthanum. 

Physico-chemical Methods 
Carbon.-Moles and Salazar2 have determined the normal density of 

carbon monoxide prepared by four methods: (I) reaction of sodium formate 
with phosphorus pentoxide, (2) dehydration of formic acid with phosphoric 
acid, (3) dehydration of formic acid with concentrated sulfuric acid, 
(4) reaction of potassium ferrocyanide with concentrated sulfuric acid. 
In each case the gas was subjected to chemical purification and then was 
fractionally distilled. 

THE DENSITY OF CARBON MONOXIDE 
Preliminary Series 
Globe N-2 Globe G 
608.87 ml. 987.52 ml. Average 

1.25058 1.25006 1.25032 
1.25076 1.24984 1.25030 
1.25013 1.24986 1.24999 
1.25130 1.25018 1.25074 
1.25105 1.25024 1.25064 
1.25073 1.25027 1.25050 

(1.25124) (1.25081) (1.25102) 
1.25095 1.25090 1.25092 
1.25019 1.24945 1.24982 

Average 1 .25073 1.25011 1.25042 

(1) Authors of papers bearing on the subject are requested to send copies to  each of the five 
members of the Committee a t  the earliest possible moment: Prof. G P. Baxter, Coolidge Laboratory, 
Harvard University, Cambridge, Mass., U. S A : Mme. Prof. M. Curie, Institut du Radium, 1 Rue 
Pierre Curie, Paris Ve, France; Prof. 0. Honigschmid, Sofienstrasse 9/2, Munich, Germany; Prof. P 
Le Beau, FacultC de Pharmacie, 4 Avenue de l'observatoire, Paris VIe, France; Prof. R. J Meyer, 
Landshuter Str. 11-12, Berlin W 30, Germany. 

(2) Moles and Salazar, Anales soc. espall. fis. quim., 30, 182 (1932) 
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TRE DENSITY OF CARBON MONOXIDE (Concluded) 
Final Series 

Globe N Globe G 
Method 992.04 ml. 987.62 ml. Average 

2 1.24953 1.24980 1.24966 
1.25000 1.25053 1 .25026 
1.24941 1.24992 1.24966 
1.24953 1.25046 1.24999 

Average 1.24962 1.25018 1.24989 
3 1 .24920 1 24951) 1 ,24939 

1.24972 1.25039 1.25005 
1 25179 1.25067 1.25123 
1 25003 1.25109 1.25056 
1.25061 1.24997 1.25029 
1.24930 1.25019 1.24974 
1.25029 1.24973 1.25001 

Average 1.25013 1.25023 1.25018 
4 1.24966 1.25056 1.25011 

1.24968 1.25105 1.25036 
Average 1.24967 1.25081 1.25023 
Average of all 1 ,24990 1.25030 1.25010 

This result is in exact agreement with that previously found by Pire and 
Moles. With the values 22.414 and 1.00050 for R and 1 + X, respectively, 
the atomic weight of carbon is calculated to be 12.006. Because of the 
sm,:' coefficient of deviations from Boyle's law, carbon monoxide is as 
well suited for precise molecular weight determination as the permanent 
gases, so that this result may be accepted as a valuable addition to the 
evidence which has been accumulating recently that the atomic weight of 
carbon is somewhat higher than 12.00. 

Nitrogen.-Batuecas3 has continued the investigation on nitrous oxide, 
previously reported, by determination of the density a t  pressures below 
one atmosphere. The gas was prepared (1) by the reaction of hydroxyl- 
amine hydrochloride and sodium nitrite, (2) by the decomposition of 
ammonium nitrate. Chemical purification was followed by condensation 
and fractional distillation. The values given in the following table are 

THE DENSITY OF NITROUS OXIDE 
P = 506.67 mm. 

Globe G Globe N-3 
Method 1007.56 ml. 772.58 ml. Average 

1 1.9749 1.9741 1.9745 
1 1.9750 1.9744 1.9747 
1 1.9743 1.9746 1.9745 
Average 1.9747 1.9744 1.9746 
2 1.9744 1.9744 1.9744 
2 1.9738 1.9745 1.9741 
2 1.9745 1.9758 1.9751 
Average 

- 
1.9742 1.9749 1.9745 

(3) Ratuecas. J. chim. phys., 928, 572 (1931); Anales soc. etpal?. fis. qulm., 89, 538 (1931). 
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THE DENSITY OF NITROUS OXIDE (Concluded) 
Globe G Globe N-3 

Method 1007.55 ml. 772.58 ml. 

P = 380 mm. 

1 1.9723 1.9721 
1 1.9719 
1 1.9706 
1 1.9724 1.9724 
Average 1 ,9724 1.9718 

2 1 9718 1.9719 
2 i 9726 1 ,9730 
2 1.9722 1.9730 
Average 1 ,9722 1.9726 

P = 253.33 mm. 
1 1.9695 1.9701 
1 1.9685 1.9700 
1 1.9677 
1 1.9691 1.9691 
Average 1.9690 1 ,9692 

2 I 9701 1 9698 
2 1.9691 1.9701 
2 1.9700 
Average 1 .9696 1.9700 

Average 

referred to one atmosphere without correction for the deviation from Br$e's 
law. 

The limiting density is calculated on the assumption that a linear rela- 
tion holds between pressure and density referred to one atmosphere. 

Pressure, Limiting 
atmospheres Density density l + A  

1 1.9804 
"3 1 .9746 1.9630 1.00886 
I/x 1.9722 1.9640 1.00835 
'/4 1.9694 1.9639 1.00840 

Average 1.9636 1 ,00854 

The calculation of 1 + X by linear extrapolation of values for PV f o t l l l d  

from the expression L/LP gave the following result 

Pressure. 
atmospheres 

I 
" a  

' / 2  

'/3 

PV l + X  

1 ,00000 
1.00294 1.00882 
1.00416 1.00832 
1.00559 ' 1.00839 

Average 1.00851 

With the values 1.9804, 22.414 and 1.0085 for the density a t  one atmos- 
phere, R and 1 + X, respectively, the molecular weight of nitrous oxide is 
found to be 44.014 and the atomic weight of nitrogen 14.007. 



In an article devoted chiefly to criticism of the report of this Committee for 1931, 
Moles4 applies corrections to the above results (1) for diminution in volume of the 
globes when filled at low pressures and (2) for adsorption as found by Crespi in work as 
yet unpublished. The corrected figures are as follows 

Pressure 
atmospheres Density Limiting density l + h  NzO 

1 1.98034 
"a 1.97459 1.96309 1.00880 44.001 
'/? 1.97223 1 .96412 1.00829 44.023 
' / a  1 .96946 1.96402 1.00833 44.022 
Average 1.96364 1.00845 44.016 

Whence N = 14.008 

Fluorine.-Moles5 discusses critically earlier determinations of the 
atomic weight of fluorine with the final conclusion that the atomic weight 
of this element is very ciose to integral, i9.000, and suggests that the higher 
value recently found by Patterson, Whytlaw-Gray and Cawood, through 
the density of methyl fluoride, is due to the effect of impurity of methane in 
the methyl fluoride employed by the latter. Patterson, Whytlaw-Gray 
and Cawood6 have prepared methyl fluoride by their own (Collie's) method 
(pyrolysis of tetramethylammonium fluoride) and that of Moles and Ba- 
tuecas (action of potassium methyl sulfate on potassium fluoride) and 
found that the two samples had identical critical constants within the 
error of the experiments. A direct determination of the compressibility 
of methyl fluoride yielded the values 1.0114 at O 0  and 1.0087 at 21 O. The 
latter is essentially identical with the value calculated from their experi- 
ments with the micro-displacement-balance but the former is much lower 
than that found by Moles and Batuecas from gas density measurements, 
1 . 0 1 8 .  Batuecas7 discusses the calculation of Patterson, Whytlaw-Gray 
and Cawood's density determinations with the micro-balance and points 
out that since the methyl fluoride employed by Moles and Batuecas pos- 
sessed a vapor pressure obeying the law log p = - (AIT)  + B it must have 
been essentially free from impurity. The Committee feel that the pre- 
ponderance of evidence is in favor of the lower value for fluorine and see 
no reason at  present to alter the value in current use. 

Potassium.-Heller and Wagner8 were unable to detect by analysis 
of potassium chloride from plant sources any concentration of the higher 
isotope of potassium. This confirms their previous finding.g 

Selenium.-Honigschmid1° has synthesized silver selenide from pure 
silver and pure selenium. The product was brought to constant weight in 

(4) Moles, Anales soc. cspail. fis. quim., 80, 460 (1932). 
(5) Moles, J. chim. phys., 29, 53 (1932); Nature, 128, 966 (1931). 
(6) Patterson, Whytlaw-Gray and Cawood, ibid., 129, 245 (1932); J. Chem. Soc., 2180 (1932). 
(7) Batuecas, J. chim. phys., 29,269 (1932). 
(8) Heller and Wagner, 2. anorg. allgem. Chcm., 206, 152 (1932). 
(9) Heller and Wagner, ibid., 200, 105 (1931). 

(10) Hdnigschmid, Naturwiss., 20, 659 (1932). 



vacuum. Eleven experiments yielded the ratio 2Ag : Ag,Se = 0.732081 
and the atomic weight of selenium 78.962. This value agrees with Aston's 
value and is considerably lower than the current one. Until further de- 
tails are available no change is recommended in the table. 

Iodine.-Honigschmid and Striebelll have continued their experiments 
on the conversion of silver iodide to silver chloride, with precipitated silver 
iodide, instead of material synthesized from the elements used previously. 

Iodine was three times distilled from iodide solutions prepared from 
similar iodine and was sublimed in an oxygen current over red hot plati- 
num. From this iodine hydriodic acid was prepared by direct synthesis 
with hydrogen and after solution in water this acid was distilled. 

Sample A of silver iodide was precipitated by adding an excess of 0.15 N 
hydriodic acid solution to an acid sol~ition of the purest silver (0.15 N). 
Sample B was precipitated in ammoniacal solution and then an excess of 
nitric acid was added. Sample C was prepared by adding 0.2 N am- 
rnoniacal silver nitrate to an excess of 0.2 N ammoniacal ammonium iodide. 
Sample D resulted from adding an excess of 0.16 N silver nitrate to 0.16 N 
hydriodic acid. 

After washing and drying the silver iodide was fused in an air current 
containing free iodine and then in pure air in a weighed quartz tube, and 
weighed. Then the silver iodide was converted to silver chloride by heat- 
ing in a chlorine current a t  gradually increasing temperatures up to fusion. 
Proof was secured that the iodide did not retain iodine and that the con- 
version was complete. Vacuum weights are given. 

THE ATOMIC WEIGHT OF IODINE 

Ratio 
Sample m7t. of AgI Wt of AgCl AgI: AgCl 

A 14.41889 8.80228 1.638085 
A 10.61180 6.47828 1.638058 
A 13.61047 8.30885 1.638070 
B 17.91554 10.93678 1.638100 
A 14.11519 8.61692 1.638078 
A 14.03900 8.57050 1.638061 
A 13.39032 8.17448 1.638064 
B 11.47497 7.00511 1.638085 
B 13.49506 8.23839 1.638070 
B 14.36421 8.76879 1.638106 
C 10.72744 6.54879 1.638080 
C 8.42456 5.14298 1.638069 
D 14.91865 9.10741 1.638078 
D 12.57197 7.67526 1.638050 
D 8.28549 5.05809 1.638067 
C 13.95958 8.52190 1.638083 
C 9.21692 5.62671 1.638066 

Average 1.638076 

(11) Hanigschmid and Striebel, Z .  attorg. al:&em. Chcm., 208, 53 (1932). 

At. wt., I 

126.918 
126.914 
126.916 
126.920 
126.917 
126.915 
126.915 
126.918 
126.916 
126.921 
126.917 
126.916 
126.917 
126.918 
126.916 
126.918 
126.916 
126.917 
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In view of the concordance of this result and the earlier one of Honig- 
schrnid and Striebel (see report for 1931) the atomic weight of iodine is 
changed in the table from 126.932 to 126.92. 

Tellurium-HijnigschmidI2 has prepared and analyzed tellurium tetra- 
bromide. From the two ratios TeBrr : 4Ag and TeBr* : 4AgBr the atomic 
weight of tellurium is found to be 127.587. 

Krypton and Xenon.--Allen and Moore13 have separated krypton and 
xenon from liquid air residues by means of fractional distillation. The 
average density of the purest krypton fractions, found with a globe of 
22 ml. capacity, was 3.733 and that of the purest xenon 5.887. Using 
values calculated by Watson in 1910 for the compressibilities of these gases 
the atomic weights of krypton and xenon are found to  be 83.6 and 131.4 
with an uncertainty of 0.1 unit in each case. These results, which agree 
with the recent results of Aston, Watson, and Whytlaw-Gray, Patterson 
and Cawoocl (see report for 1931) escaped notice by the Committee in pre- 
paring the report for 1931. 

Lanthanum-Baxter and Behrens14 have determined the atomic weight 
of lanthanum by analysis of lantha~iutn bromide. Lanthanum animonium 
nitrate which had already been brought to a high state of purity in an earlier 
investigation was subjected to  thirty series of fractional crystallizations. 
After conversion to bromide this salt was carefully dehydrated in a current 
of dry nitrogen and hydrogen bromide in such a way that melting of the 
hydrate was avoided, and the salt was finally fused in an atmosphere of 
pure hydrogen bromide. After being weighed the salt was dissolved and 
compared with silver in the conventional way and finally the silver bromide 
was collected and weighed. The following table gives weights corrected 
to vacuum. The fractions of lanthanum are numbered in the order of 
increasing solubility of the double nitrate, No. 371 representing the head 
fraction of the last series of crystallizations. 

THE ATOMIC WEIGHT OF LANTHANUM 
Wt. of Wt of Ratio At. wt.  Wt. of Ratio At wt. 

Fraction LaBrs Ag LaBra:3Ag of La AgBr IaaBro:3AgBr of La 

376 4.01090 3.42801 1.170037 138.923 5.96743 0.672132 138.923 
379 5.19186 4.43727 1.170057 138.929 7.72475 .672107 138.909 
372 6.57727 5.62133 1.170056 138.929 9.78548 .672146 138.931 
371 6.38414 5.45612 1.170088 138.939 9.49843 .672126 138.920 
372 6.91830 5.91287 1.170061 138.931 10.29285 .672146 138.931 
371 6.19359 5.29339 1.170041 138.924 

Average 1.170057 138.929 .672131 138.923 

The average value of the two methods, 138.926, is slightly higher than 
the value previously found by Baxter, Tani and Chapin, corrected for a 
new determination of the density of lanthanum chloride, 138.916. The 

(12) Hiinigschmid, Nalarwiss., 20, 659 (1932). 
(13) Allen and Moo~e.  Tars JOURNAL. 63,2512 (1931). 
(14) Baxter and Behrens. $bid., 64, 591 (1932). 
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German 

English B 

average, 138.92, is probably nearer the truth than that recently given in 
the International table and the atomic weight of lanthanum is therefore 
changed in the table from 138.90 to 138.92, 

Thallium.-Briscoe, Kikuchi and Peel16 have redetermined the atomic 
weight of thallium by comparison of the chloride with silver. The processes 
of purification consisted in repeated crystallization of thallous sulfate and 
chloride, prepared from (,4) English thallium of unknown origin and (B) 
German thallium obtained from Westphaliau pyrites. The novel feature 
of the investigation lies in the method of titrating the chloride with 
silver. A few milligrams (2-3) excess of silver was added in every case to 
the thallous chloride solution and after standing and settling the super- 
natant solution (6-7 liters) was decanted, evaporated to small bulk and the 
silver content estimated by titration with n/1000 thiocyanate. Vacuum 
weights are given in the following table. 

THE ATOMIC WEIGHT OF THALLIUM 

Wt. of TIC1 Wt. of Ag TIC1/Ag At. wt.. '1'1 

b~ngllsli 2 41969 1 08861 2.22273 204.33 
4.97940 2 24067 2.22234 204.29 
4.90541 2.20686 2.22280 204.34 
4.90351 2.20608 2.22272 204.33 
4.90391 2.20615 2.22283 204.34 
6.27962 2.82533 2.22261 204.32 

204.33 

5.05837 2.27554 2.22293 204.35 
5.25891 2.36607 2.22264 204.32 
9.53621 4.28987 2.22296 204.35 

10.01985 4.50788 2.22274 204.33 
7.25159 3.26254 2.22268 204.33 

204.34 

10.04965 4.52210 2.22234 204.29 
11 .55090 8.19723 2.22251 204.31 
10.6075ti 4.77211 2.22282 204.34 
9.91726 4.46146 2.22288 204.35 
9.53722 4.29023 2.22300 204.36 

11.88154 5.34523 2.22283 204.34 
204.33 

9.49327 4.27091 2.22277 204.34 
9.91925 4.46205 2.22302 204.36 

10.43230 4.69329 2.22281 204.34 
10.06308 4.52668 2.22305 204.36 
9.07037 4.08074 2.22272 204.33 

204.35 
Average of all 204.34 

Exception may be taken to the analytical method, which was adopted 
because of alleged uncertainty in the conventional nephelometric method 
of comparison. The large bulk of supernatant liquid and washings must 

(15) Zlriscoe, Kikuchi and Peel, Pro<. ROY. SOC., (London) A133, 440 (1931). 
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have contained many milligrams of dissolved silver chloride, since the ex- 
cess of silver used was very small. The ultimate fate of this silver chloride 
is difficult to guess but it is hard to believe that the titration of the excess 
of silver was not seriously affected by it especially in view of the well-known 
disturbance of the thiocyanate titration of silver in the presence of silver 
chloride. In fact i t  is hard to understand why the excess of silver in the 
individual experiments was so small as actually found. The effect of this 
difficulty would be, however, to raise rather than lower the atomic weight 
of thallium so that it is surprising that the atomic weight found is lower 
rather than higher than that recently found by Honigschmid, 204.39. 

One experiment in which the nephelometric method was used showed 
erratic behavior, the final result for the atomic weight of thallium being 
204.43. 

The ratio of thallium to thallous nitrate also was determined. Buttons 
of fused electrolytic thallium were polished with chamois, fused in hydrogen 
and bottled in nitrogen for weighing. Solution in nitric acid followed by 
repeated evaporation with oxalic acid and fusion of the residue failed to 
give a product of constant weight, so that the authors consider the method 
(Crookes) unreliable. The results of two experiments are given in which 
the final weight of thallous nitrate is employed. 

TlNOa At. wt., TI 

15.74910 204.42 
16.07846 204.46 

The results of both methods seem of doubtful value. 
Johnson16 claims that the equal opalescence method of titrating halogen 

compounds with silver is insensitive and gives erroneous results, and that 
the silver halide is probably contaminated with adsorption products. A 
new method of finding the end-point is proposed, by comparing the test 
solution with standard solutions of the reactants containing known amounts 
of silver and halide. 
-; Wild?' has compared the values for 1 + X as found (1) by extrapolation 
bf high pressure measurements of P V, (2) from low pressure measurements 
of PV, and (3) from gas density determinations. In computing the high 
pressure values the expression P V  = A + Bp + Cp2 + Dp4 was employed. 
In  case of the low pressure and density determinations the relation of PV 
to P is assumed to be linear. 

HIGH PRESSURE 
Observer Hr Nt 0 2  He Ne A 

Onnes 0.99942 1.00041 1.00096 0.99949 0.99959 
Holborn and Otto .99938 1.00046 1.00098 .99947 ,99952 1.00098 
Verschoyle .99937 1.00049 
Average ,99939 1.00045 1.00097 .99948 .99956 1.00098 

(16) Johnson, J. Phys. Chcm., 86, 840, 830,2237,2681 (1931); 86, 1942 (1932). 
(17) Wfld, Phil. Mag.. 12, 41 (1931). 



Low PRESSURE 

Observer Ha NI 01 He Ne A 

Chappuis 0.99942 1.00043 
Gray and Burt 1 .@I097 
Geneva Lab. 0.99935 1.00043 1.00086 
Heuse and Otto ,99942 1.00048 1.00097 0.99948 0.99953 1.00094 
Average .99940 1.00045 1.00093 .99948 .99953 3.00094 

DENSITY 

Eaxter and Starkweather 1.00040 1.00093 0.99941 1.00107 
Final mean 0,99939 1.00044 1.00094 0.99948 .99951 1.00099 

Atomic Weights from Isotopes 

A comprehensive report of the German Chemical Society by Hahn18 
covers the year 1931. 

The question of the conversion factor from the physical to the chemical 
scale still seems to be unsettled. Birge and Menzellg prefer the Mecke and 
Childs value, 1.00022, to that of Babcock and NaudC, 1.00012. AstonzO 

has been successful in photographing the lines of Ol6OI7 and 016018 of suf- 
ficient intensity for comparison with 0t6. From the relative intensities 
1 : 4 : 1072 the relative abundance of 017, 0 1 8  and 0 1 6  is 0.24 : 1 : 536, a 
result which seems to support the ratio of 018 to 016 found by Mecke and 
Childs, 1 : 630. Since the accuracy of the mass spectrograph is admittedly 
no greater than l/lo,ooo and the uncertainty of the conversion factor ob- 
viously is as large, while the measurement of isotopic ratios has inherent 
uncertainties, the degree of precision of the determination of atomic 
weights from mass spectrographic data still seems to be inferior to that of 
the best chemical methods, although the striking concordance of the two 
methods in most cases is reassuring. 

Recent results obtained by Astonzl with the mass spectroscope are given 
in the following table. The factor used for conversion from the physical 
to the chemical basis is 1.000125. 

Hydrogen.-Urey, Brickwedde and Murphy,22 by spectroscopir examj - 
nation of the least volatile fractions remaining from the evaporauon cf 
large quantities of liquid Hz, have detected the lines corresponding to the 
principal series of Hz. Examination of the spectrum of ordinary hydrogen 
indicated the proportion to be approximately 1 in 4000. BainbridgeZ3 
finds the mass of Hz to be 2.01353 assuming He = 4.00216 and H1 = 

1.00778. The atomic weight of hydrogen is therefore slightly higher than 
the value for H1 found by Aston. 

(18) Hahn, Ber., 6SA, 1 (1932). 
(19) Birge and Menzel, Phys. Rev.. 37, 1669 (1931). 
(20) Aston, Nature, 130, 21 (1932). 
(21) Aston, Proc. Roy. Soc. (London), A181,671 (1932); Nature, 138, 221 (1931); 128,725 (1931); 

lS9, 649 (1932). 
(22) UrW, Brickwedde and Murphy, Phys. Rm., 89, 164 (1932). 
(23) Bainbridge, ibid., 41, 115 (1932). 



Lithium 

Scandium 

Rubidium 

Strontium 

Cesium 

Barium 

Thallium 

Lead 
(common) 

Lead 
(Katanga) 

Lead 
(Wilberforce) 

Lead (Norwegian 
Thorite) 

Uranium 

Isotopic weights and percentages Packing fraction 

20 X 10-4 
17 X 10-4 

assumed 
- 8.2 X 
assumed 

assumed 
- 5 X 

At wt. 

6.928 



Aluminum 
Antimony 
Argon 
Arsenic 
Barium 
Beryllium 
Bismnth 
Boron 
Bromirlc 
Cadmiulrt 
Calcium 
Carbon 
Cerium 
Cesium 
Chlorine 
Chromium 
Cobalt 
Columbium 
Copper 
Dysprosium 
Erbium 
Europium 
Fluorine 
Gadolinium 
Gallium 
Germanium 
Gold 
Hafnium 
Helium 
Holmium 
Hydrogen 
Indium 
Iodine 
Iridium 
Iron 
Krypton 
Lanthanum 
Lead 
Lithium 
Lutecium 
Magnesium 
Manganese 
Mercury 

ATOMIC WEIGHTS 

1933 
Atomic Atomic 

Symbol Number Weight 

A1 13 26.97 Molybdenum 
Sb 51 121.76 Neodymium 
A 18 39.944 Neon 
As 33 74.93 Nickel 
Ba 56 137 36 Nitrogen 
Be 4 9.02 Osmium 
Bi %3 209.00 Oxygen 
rS 5 1 0 8 %  Palladium 
Br 35 799li i  Phosphorus 
Cd 43 112.41 platinum 
Co 20 40.08 Potassium 
C 6 12.00 Praseodymium 
Ce 58 140.13 Radium 
Cs 55 132.81 Radon 
C1 17 35.4,57 Rhenium 
Cr 24 32.01 Rhodium 
Co 27 58.94 Rubidium 
Cb 41 93.3 Ruthenium 
Cu 29 63.57 Samarium 
Dy 66 162.46 Scandium 
Er  68 167.64 Selenium 
Eu 63 152.0 Silicon 
F 9 19.00 Silver 
Gd 64 157.3 Sodium 
Ga 31 69.72 Strontium 
Ge 32 72.60 Sulfur 
Au 79 197.2 Tantalum 
Hf 72 178.6 Tellurium 
He 2 4.002 Terbium 
Ho 67 163.5 Thallium 
H 1 1.0078 Thorium 
In 49 114.8 Thulium 
I 53 126.92 Tin 
I r  77 193.1 Titanium 
Fe 26 55.84 Tungsten 
Kr 36 83.7 Uranium 
La 57 138.92 Vanadium 
Pb 82 207.22 Xenon 
Li 3 6.940 Ytterbium 
Lu 71 175.0 Yttrium 
Mg 12 24.32 Zinc 
&Ill 25 54 93 Zirconium 
Hg 80 200 61 

Atomic Atomic 
Symbol Number Weight 

Mo 42 96.0 
Nd 60 144.27 
Ne 10 20.183 
Ni 28 58.69 
N 7 14 008 
0 s  76 1 9 0 8  
0 8 16.0000 
Pd 4ti 106.7 
I? I 5  31.02 
I ?  78 195.23 
K 19 39.10 
Pr  59 140.92 
Ra 88 225.97 
Rn 86 222 
Re 75 186.31 
Rh 45 102.91 
Rb 37 85.44 
Ru 44 101.7 
Sm 62 150.43 
Sc 21 45.10 
Se 34 79.2 
Si 14 28.06 
Ag 47 107.880 
Na 11 22.997 
4 38 87.63 
S 16 32.06 
Ta 73 181.4 
Te 52 127.5 
Tb  65 159.2 
T1 81 204.39 
Th 90 232.12 
Tm 69 169.4 
Sn 50 118.70 
Ti 22 47.90 
W 74 184.0 
U 92 238.14 
V 23 50.95 
Xe 54 131.3 
Yb 70 173.5 
Y 39 88.92 
Z11 30 65.38 
Zr 40 91.22 



Lithium.-Van Wijk and van KoeveringeZ4 and NakamuraP6 from a 
study of band spectra find a low value for the isotopic ratio of Li7 to Li6, 
and the corresponding atomic weight 6.89. 

Boron.-Elli~tt~~ by a study of the band spectrum of boron monoxide 
finds the isotopic relationship 3.63 and the atomic weight 10.794. 

Lithium, Sodium, Potassium, Cesium.-BainbridgeIz7 using a Demp- 
ster mass spectrograph, finds the ratio of the abundance of the lithium 
isotopes to be independent of the temperature of the source of the ions. 
The abundance ratio was determined in three experiments to be 10.75, 
11.28 and 11.51, average 11.18, while Aston finds the ratio 11. 

Sodium was found to contain less than '/3000 of Na2' or NaZ5 and less 
than of Na22, if any, while potassium was found to be free from more 
than '/I600 of Kh3, '/600 of K42 and l/300 of K40 referred to K39. 

Bainbridge2* supports Aston's conclusion that the cesium mass spectrum 
is simple. The discrepancy between the atomic weights determined by 
chemical and physical methods is far larger than the apparent error of 
either. 

Zinc.-The mass spectrum of zincz9 obtained with a new form of dis- 
charge tube which avoids the presence of zinc hydrides gave no evidence 
of the isotopes Zn'j5 and reported by Aston. The atomic weight re- 
calculated from Aston's ratios, assuming the relation of the metallic line 
to  the corresponding hydride to be that of the lines 64 and 65 in Aston's 
spectra, is found to be 65.33, with the conversion factor 1.00022. 

Tellurium.-Additional isotopes of tellurium30 of mass numbers 122, 
123, 124 (and 127?) were discovered, the mass numbers and percentages of 
the complete spectrum being as follows 

122 123 124 125 126 127 128 130 
2 . 9  1.6 4 . 5  6 19.0 ? 32.8 33.1 

With Aston's packing fraction - 5 X and the conversion factor 1.00022 
the atomic weight of tellurium is calculated to be 127.58, a value in much 
closer agreement with the chemical value than Aston's, 128.03. 

(24) Van Wijk and van Koeveringe, Proc. Roy. Soc. (London), AlS!Z, 98 (1931). 
(26) Nakamura. Nature, IPS, 769 (1931). 
(26) Elliott, 2. Physik, 6'7, 76 (1931). 
(27) Bainbridge, J. Franklin Inst., 212, 317 (1931). 
(28) Bainbridge. Phys. Rev., 36, 1688 (1930). 
(29) Bainbridge, rbid., 39, 847 (1932). 
(30) Bainbridge, ibid., 39, 1021 (1932). 
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[CONTRIBUTION FROM THE FRICK CHEMICAL LABORATORY OX PRINCETON UNIVERSITY ] 

Polarity in Certain Hydrocarbon Vapors 

The measurements in the present paper were carried out in order to ex- 
amine closely certain important molecules possessing little or no polarity. 
The dipole moments have been calculated from the dielectric constants 
determined for the substances in the vapor state, the familiar Bebye equa- 
tion being used. In this equation1 

P = a + b / T  (1) 
c - 1  the polarization P = a+2 V ,  where e is the dielectric constant and V the 

molar volume. For an ideal gas, V = RT/fir, so that the polarization may 
be written 

The actual pressure p of a gas under observation may be corrected to the 
pressure fi', which it would exert if it  were in the ideal condition and occupy- 
ing the volume V, by means of the equation 

This equation is derived simply from the van der Wads equation, a and b 
being the constants of this latter equation, different from the a and b of 
the Debye equation. Putting in numerical values 

where p' is expressed in millimeters. 

Experimental Method 
As the apparatus employed in measuring the dielectric constants was similar in 

many respects to that used by Zahn,2 no detailed explanation of the symbolic diagram 
of it in Fig. 1 is given. Two circuits, I and 11, were maintained in a condition of sus- 
tained oscillation by electron tubes, the wave length used being about 500 meters, corre- 
sponding to a frequency of 6 X lo6. The individual frequencies were adjusted so that 
a beat note of 1000 cycles was produced, which could be picked up by a detector- 
amplifier system and compared with the 1000 cycle note emitted by a Leeds and North- 
rup hummer. The reference beat note, relative to which all adjustments in the measur- 
ing condenser system were made, was the frequency of the hummer, the identity of the 
beat note between the oscillators and the note emitted by the hummer being indicated 
by the absence of throbbing in the ear phones. The two oscillatory circuits were 
shielded by enclosure in large, wooden boxes covered with galvanized iron. Precise 
adjustment of the frequency of circuit I1 was made by turning a grounded brass disk D 
in such a way as to vary its distance from the circuit, changes of a small fraction of a 
cycle per second being thus securable. All adjustments of the condensers and switches 
were made from the outside by means of glass rods passing through Bhe boxes. 

(1) Cf. Smyth and Morgan, Ta~s JOURNAL, SO, 1547 (1928). 
(2) Zahn, ~ h y s . ? ~ e v . ,  24, 400 (1924). 
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The gas condenser C in Fig. 1 consisted of two concentric cylinders, of pure copper 
tubing, 0.3 cm. thick and 13.4 cm. long, the outer grounded cylinder having an external 

I II 
Fig. 1.-Diagram of circuits. 

diameter of 6.1 cm. and a separation from the inner of 0.07 cm. The cylinders were, at 
first, gold-plated, but, as the plate developed imperfections a t  the higher temperatures 
used, it  was ground off and the pure copper surface employed. When not in use, the 

D 
apparatus was kept filled with nitro- 
gen to prevent gradual oxidation of 
the copper. The ends of the inner 
cylinders were fastened with silver 
solder and a copper rod holding i t  in 
place was insulated from the outer 
cylinder by quartz rings. The outer 
cylinder was wrapped with a thin 

B -#, sheet of mica, around which was 
wound a platinum resistance ther- 
mometer. The leads from the ther- 
mometer coil and those from the con 
denser were silver-soldered to tungs- 
ten wires, which were sealed through 
four tubes a t  the top of the thick- 
walled 65 mm Pyrex tube T enclosing 
the condenser (Fig. 2). Two of these 
tubes and the 2 mm. capillary D lead- 
ing to the vacuum system are shown 
in Fig. 2. The tube T was mounted 
in a cyIindrical electrostatic shield S, 
closed a t  the bottom to prevent oil 
from coming up around the lead tubes. 
To prevent convection currents within 
the shield a t  high temperatures, i t  was 

Fig. 2.-Gas condenser and shield. 
found necessary to  provide the top of 
the shield with a coil H, heated by 

direct current, w h h  was completely shielded from the ungrounded lead U of the con- 
denser by means of grounded brass plates P. S was bolted securely to a cover consist- 
ing of two sheets of 6 4 mm. asbestos A, reinforced by a grounded sheet of 3.2 mm. 
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brass B. The whole was then mounted in a large shielded box into which a large oil 
heating bath or toluene cooling bath could be inserted without introducing capacity 
effects. To prevent radiation from the oil-bath from reaching the rest of the oscillatory 
circuit, the condenser box was situated outside the main generator box, the lead from 
the condenser being brought through an opening in the latter box and supported by a 
notched sheet of mica fastened over the opening. 

Because of small changes in the distributed capacity and inductance of the oscilla- 
tory circuits resulting from changes in the room temperature, the filament heating cur- 
rent, and the plate voltage, the beat oote between the oscillators showed a slow and often 
irregular drift in frequency. In  order, therefore, to provide a reference capacity which 
could be considered as constant during the period of a run, a 1000 ppf. variable air con- 
denser S1 (Fig. 1) was set in an electrostatic shield immersed in an oil-bath and so con- 
nected that the turn of a mercury switch M substituted it in circuit I in the place of the 
gas condenser system. The beat note could then be brought back to 1000 cycles by 
adjustment of D in circuit 11. 

For the manipulation of the gases, a system of reservoirs, traps, and purification 
tubes was used in connection with a mercury vapor pump. The gas pressure was read 
on a large mercury manometer provided with a steel scale. Liquids were vaporized in 
the apparatus from a U-tube which served as a pressure gage in the manner described 
hy Zahn.8 

The gas cell C was connected in series with the two parallel capacities K and Kt ,  K 
being a General Radio Company Type 222 variable precision condenser of 1500 wf. 
capacity. The capacity C of the gas condenser when evacuated is made up of a geo- 
metrical capacity CO, which becomes oCo when gas is admitted, and a fixed capacity L 
dependent upon the leads and insulators. When gas is admitted to C, the increase in its 
capacity AC must be balanced by a change AK in K in order to hold the frequency con- 
stant. The dielectric constant E of the gas is then given by the expression 

in which the value of AK is negat i~e .~  
The precision condenser K was very carefully calibrated in position in the apparatus 

by a method similar to that previously described by one of the ~ r i t e r s . ~  The condenser 
scale divisions, of which there were 2500, were used as convenient units of capacity. 
The probable error in AK was 0.3 scale division. At first, K' consisted of three mica 
condensers of 1200, 2400 and 4800 ppf. capacity in parallel, but as these condensers 
showed a slight, irregular variation in capacity with the passage of time they were 
replaced by two variable air condensers, which showed no change with time. The 
capacity of these two condensers, which were used a t  their maximum value, was de- 
termined by a careful step-by-step calibration as K' = 7097 * 2 scale divisions on the 
precision condenser. 

The fixed capacity through the quartz insulators in the gas condenser was calculated 
from the dimensions and the known dielectric constant of quartz as 7.3 * 0.7 scale 
divisions. The capacities of the various leads were very carefully determined by the 
usual methods of short-circuiting or disconnecting the condensers and of setting up 
imitation leads. The values expressed in scale divisions for the different capacities in- 
volved were C = 448.6 + 0.7, L = 23 3 + 1.4, CO = 425.3 * 2.1. An attempt made 
to determine CO and L in the manner commonly used in measurements on liquids by 
measuring the cell empty and again filled with pure benzene gave less accurate results 
and was abandoned. The value of K needed in the equation for 8-1 was determined 

(3) Zahn, Rev. Sci. Inslr., 1, 299 (1930). 
(4) Smyth, "Dielectric Constant and Molecular Structure," The Chemical Catalog Company. 

Inc , New York, 1931, p. 52. 



for a number of settings on the high part of the scale by tuning the oscillators to zero 
beats, short-circuiting C, and changing K by an amount AK until the original frequency 
was restored. K was then calculated from the equation for series capacities. When all 
the errors in the calibration and capacity determination are taken into account, it 
appears that the probable error in the absolute value of E -  1 arising from these causes 
is 0.9y0. The relative error from these causes should be less than 0.2%. 

During the course of a run the temperature of the gas cell was maintained constant 
to  0.02' by means of the bath surrounding it. This control was necessitated by the 
excellent thermal insulation which, unfortunately, existed between the two cylinders of 
the condenser. A rapid temperature rise of as much as 0.2" caused an unequal expan- 
sion of the two cylinders with a resulting change in capacity, and the temperature 
change resulting from change in gas pressure made it necessary to delay a capacity 
reading for half an hour after the pressure change had been effected in order that the 
temperature might become uniform. 

The difficulty of temperature equalization made it impossible to obtain an accurate 
d u e  for tke capacity of the evacuated condenser directly. In the ==st satisfactory 
method of obtaining it a reading was taken on the precision condenser with the gas or 
vapor in the condenser at  20-30 mm. pressure and another at  100-150 mm. When 
these two precision condenser readings were plotted against P' and a straight line 
drawn through the points, the intercept of the line at  p' = 0 gave the vacuum 
reading. The values of (s - l ) / ( ~  + 2) were then calculated directly. When working 
with vapors at low temperatures, measurements were made at  several pressures in order 
to detect possible condensation. The values of (e- I)/(( + 2) were then plotted against 
the corrected pressures p'. Any condensation was evidenced by a departure of the 
points for high pressure from the straight line through the lower points. The effect of 
any drift in the circuits outside the gas condenser was eliminated by repeating every 
run in the reverse direction. 

In order to determine by actual experiment the accuracy of the measurements, a 
large number of determinations were made upon air carefully dried and purified by 
passage through a soda lime tower, and upon carbon dioxide, taken from a cylinder 
and repeatedly fractionated by condensation with liquid air. The values of e - 1 
were reduced to 0' and 760 mm., the perfect gas law being employed for air and the 
van der Waals equation for carbon dioxide. For air, the average deviation from 
the mean of twenty-three measurements was 0.41%, and, for carbon dioxide, the aver- 
age deviation in twenty-one measurements was 0.33y0. The values have been com- 
pared with the results of fifteen other investigations, of which the two most extended 
and reliable gave the values shown in Table I for comparison with those of the present 
investigation. At the bottom of the table are the values of n k  -1, la, being the index 
of refraction extrapolated to infinite wave length. Since, for carbon dioxide, correction 
has been made for infra-red absorption6 and since, for air, this absorption can be neg- 

VALUES FOR AIR AND CARBON DIOXIDE 

( E  - 1) X lo6 
C02 Air COI /Air 

Zahn2s6 972 572 1.700 
Stuart7 987 582 1.696 
McAlvine and Smvth 989 581 1.702 
(n: i 1 )  x lo6 - 97Ei6 5758 1.696 

(5) Fuchs, Z, Physik, 46, 519 (1928) 
(6) Zahn, Phys. Rev., Z7, 455 (1926). 
(7) Stuart, Z. Physak, 47, 457 (1928). 
(8) "International Critical Tables," Vol. VII, p. 5. 



lected, n t  -1 should, in the absence of a dipole moment, be identical with e - 1. The 
ratio of the value for carbon dioxide to that for air is given in the last column. 

The results of the present investigation are approximately 1.5% higher 
than those of Zahn but differ by less than the small average deviation from 
the mean from the more recent results of Stuart. The close agreement 
of the ratio with Zahn's ratio shows the difference in the absolute values 
to be a matter of the respective calibrations, as this difference is within the 
limits permitted by the errors assigned to the two calibrations. The 
recent determination of j e  - 1) X 10"or nitrogen, 585, by Andrews3 is 
higher than Zahn's value 580 by just the same amount as the difference 
between the value for air in the present work and that of Zahn. It appears 
probable, therefore, that the values of (E - 1) X lo6 for air and carbon 
dioxide are slightly higher than those given for (nz - 1) X lo6. 

Purification of Materials 
Benzene.-Merck's c. P. crystallizable benzene was shaken repeatedly with con- 

centrated sulfuric acid, water, dilute sodium hydroxide, and more water, dried over cal- 
cium chloride, and crystallized three times (m. p. 5.50'). I t  was then refluxed over 
phosphorus pmtoxide, distilled, refluxed over sodium wire, and distilled again; b. p. 
80.2"; n% 1.49823. 

Toluene.-Merck's c. P. toluene was washed with concentrated sulfuric acid, water, 
dilute sodium hydroxide solution, and again with water, shaken with pure mercury, 
filtered, and dried first with calcium chloride, then'with phosphorus pentoxide, and, 
finally, by refluxing over molten sodium and subsequent distillation; b. p. 110.5'; n2: 
1.4955. A second portion treated in the same way, except for the omission of the reflux- 
ing over sodium, had the same constants. A third portion was treated like the first 
except that between the drying with calcium chloride and that with phosphorus pen- 
toxide, i t  was crystallized in an ether-bath maintained at  -105-110 '; b. p. 110.5-6" ; 
n2z 1.49564. This was distilled directly from the sodium into the gas system of the 
apparatus for the dielectric constant measurements. 

Propane and Propy1ene.-Gases of high purity from the Linde Air Products Com- 
pany were passed through phosphorus pentoxide into the gas system of the apparatus, 
where they were repeatedly fractionally distilled. 

Experimental Results 

When (6  - I)/(€ + 2) is plotted against f i r ,  which is obtained by use of 
equation (3), the values of the van der Waals constants being taken from 
Landolt-Bornstein, the slope of the resulting straight line is used to calcu- 
late the polarization, since, from equation (4), it follows that 

A line was obtained at a given temperature by determining points from 
pressures of 10-30 mm. up to 800-1100 mm., then down to low pressure 
again to make sure that no change had occurred during the course of the 
run. Several such runs were made a t  each temperature and a value of P 
obtained from the line for each run, The average value at  each tempera- 

(91 Andrews, Physics, 1, 366 (1931), 



I' 

Benzene 
26.87 
27.13 
27.04 
26.99 

Propane 
16.00 
16.19 
16.11 
16.02 
16.04 
16.07 

P 
Toluene 
34.86 
34.62 
34.46 
34.20 

Propylene 
18.76 
18.79 
18.45 
18.18 
17.77 
17.59 
17.29 

ture given in Table I1 was used to calculate the values of PT, which, in 
Fig. 3, are plotted against T. The method of least squares was used to 

T, OK. 
Fig. 3.-P T- T curves. 
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calculate the values of the constants in equation (I), which are given in 
Table 111. The value of the refraction for infinite wave length, Pp, was 
obtained by extrapolation from the dispersion data for liquids in Landolt- 
Bh-nstein and the values given for the atomic polarization calculated as 
PA = a - P p .  The electric moment p was calculated from b as p = 0.0127 
X 10-IS \Bl the probable error in the two virtually zero values being 
0.05 X 10-", and in the other values 0.02 X 10-IS. 

VALUES OF FUNDAMENTAL CONSTANTS 
Substance a PE PA b cr X 10's 

After the sublnission of these results for publication, a new method for the elimina- 
ti011 of error due to  deviation from the ideal gas laws was adopted in later work t o  bc 
described elsewhere. Polarizations calculated by means of the ideal gas law are plotted 
against the pressure and the curve thus obtained is extrapolated t o  zero pressure t o  
obtain a polarization value unaffected by deviations from the ideal gas law. I n  propane 
and propylene, the deviations are so small that the different niethod of calculation 
leaves the results in Table I1 unaltered. For benzene, the polarization values are 
lowered about 0.5% by the new method of calculation and, for toluene, about 1.2%. 
The changes in the constants calculated from these polarizations are  shown below t o  
be negligible or almost so. 

Discussion of Results 
The mean value, 27.01, of the polarization of benzene vapor, which is 

independent of temperature, is slightly higher than the values for the liquid, 
26.62 at 10' and 26.78 at 60°,10 which increase slightly with rising tempera- 
ture, and lower than the value for the solid, 28.5 at 0°, found by Morgan 
and Lowry. The absence of variation with temperature in the polariza- 
tions of benzene and of propane is in contrast to the small but definite in- 
crease observed in Iiquid benzene and in marked contrast to the uniform 
increase observed in all the liquid paraffins which have been studied over a 
wide range of temperature.ll This difference in behavior between the 
liquid and the vapor is important since it shows that the increase in 
polarization with rising temperature in the liquid cannot be due to any 
direct intramolecular effect of temperature, for such an effect would be 

(10) Morgan and Lowry, J .  Phys. Chem., 34, 2386 (1930); Smyth and Stoops, THIS JOURNAL, 61, 
3312 (1929); Smyth and Walls, ibid. ,  64,1854 (1932). 

(11) (a) Smyth and Stoops, ibid., 60, 1883 (1928); (b) Smyth and Dornte, ibid., 58, 3546 (1930). 



apparent in the gas also. As the values of PE for benzene and toluene are 
calculated &rectly from measurements on the liquids and those for propane 
and propylene as the sum of the atomic refractions obtained from measure- 
ments on liquids, it is evident that the values of PA must be regarded as 
approximate. The most accurate measurements on the refraction of 
benzene vapor,12 when extrapolated to infinite wave length, give a value 
26.22 for PE, which gives PA = 0.8, possibly more accurate than the value 
in Table I11 and lower than the values 1.5-1.9 obtained as the difference 
between the solid and the liquid. Similar use of the refractive index deter- 
mined for propylene by Trautz and Winkler13 gives PA = 1.0, higher than 
the value in Table 111. The discrepancies among the results of different 
investigators of the refraction of vapors make it doubtful whether the PA 
values obtained by using the values of the vapor refractions are more ac- 
curate than those in Table 111, which are certainly comparable with one 
another. 

Krchma and Williams14 and Williams and OgglS measured benzene in 
three different solvents, obtaining for the polarization in carbon tetra- 
chloride, 26.7, in carbon disulfide, 28.5, and in hexane, 27.8, and, from these 
values, using PE = 2.5.8 and neglecting PA, values of 0.06 X 10-18, 0.09 X 
10-ls, and 0.08 X 10-18 for the moment of the benzene molecule. An 
error occurred in these calculations for recalculation from the same data 
gives 0.21 X 10-18, 0.39 X 10-18, and 0.31 X 10-18, values slightly higher 
than the figure 0.2 X 10-18, calculated previously by one of the writers as a 
value indistinguishable from zero by the method employed.16 Although it 
has been generally assumed that the moment of the benzene molecule is 
zero,17 it is reassuring to obtain definite experimental evidence that i t  is 
within 0.05 X 10-l8 of zero. The negative value, - 18, of b in Table I11 
has no significance nor has the positive value 18 for propane, both showing 
merely that the value of the moment is within 0.05 X 10-l8 of zero. 

The propane molecule may be pictured as a tetrahedral carbon atom 
with hydrogens on two apices and methyl groups on two. Two planes of 
symmetry perpendicular to one another may be drawn through the central 
carbon atom, but, when a third plane perpendicular to these two is drawn, 
it is apparent that the two hydrogens are on one side of it and the two 
methyl groups on the other. Because of the tetrahedral angle, any 
moment in a C-H bond of one of the methyl groups has a component in the 
direction of the C-C line equal to one-third of its value. The three C-H 
bonds of the group have, therefore, a resultant moment equal to that of a 
single C-H bond. The moments in the C-H bonds of the methyl groups 

(12) Wasastjerna, Soc. Sci. Fennica, Cornmenlationes Phys.-Math , 2, No. 13, 1 (1925). 
(13) Trautz and Winkler, J .  prakl. Chem , 104, 44 (1922). 
(14) Krchma and Williams, Tars JOURHAL, 49, 2408 (1927). 
(15) Williams and Ogg, ibid., 60, 94 (1928). 
(16) Smyth, ibid., 46, 2151 (1924). 
(17) See Ref. 4, p. 106. 



would, consequently, cancel moments of equal size in the two C-H bonds 
on the central carbon and any moment in the molecule as a whole would 
have to arise from polarity in the C-C bonds, from inequality in the 
moments of the C-H bonds of the primary and secondary carbons, or from 
distortion of the tetrahedral structure by repulsion in such a way as to 
prevent compensation of the moments of the two central C-H bonds by 
those of the methyl C-H bonds. If propane had the maximum moment, 
0.05 X 10-18, permitted to it by the accuracy of the measurements, it 
would be equivalent to the effect of the displacement of a pair of electrons 
0.005 k. from a position of symmetry. Although it is likely that the pro- 
pane molecule may have a very small moment, it is evidently so small that 
any polarity in the C-C bonds, electrical dissymmetry caused by repulsion 
between the different parts of the molecule or difference in electronegativity 
between the hydrogens on the secondary and those.on the primary carbons 
may be regarded as undetectable by means of the electric moment. This 
result is in harmony with the absence of any detectable moment in the 
isomers of heptane and with the consequent absence of variation in the 
electronegativities of the alkyl radicals detectable by this rneans.l1" 

The value obtained for the moment of toluene is in excellent agreement 
with the very approximate value 0.4 X 10-l8 found for the l i q ~ i d . ' ~ , ~ ~ , ' ~  

The closeness of the accurately determined valuelS for a-butylene, 
0.37 X 10-18, to that for toluene in the present paper and to the 0.35 X 
10-Is found for propylene are very striking. It is evident that, although 
the replacement of a hydrogen by a methyl group in a saturated aliphatic 
hydrocarbon gives rise to no moment, a similar replacement of a hydrogen 
attached to an unsaturated carbon gives rise to a definite electrical dis- 
symmetry. Calculation shows that if the C-H bond has a moment of 
about 0.4 X 10-l8 associated with it as commonly supposed,20 inductive 
effects should give rise to moments of the magnitude found for these 
unsymmetrical molecules. 

The writers wish to express their gratitude to Dr. C. T. Zahn for his 
advice on the construction of the apparatus. 

Summary 

An apparatus for the accurate measurement of the dielectric constants of 
gases and vapors has been constructed and tested by repeated measure- 
ments upon air and carbon dioxide. Values have been determined for 
benzene, toluene, propane and propylene and used to calculate their 
polarizations and electric moments. 

The absence of any change in the polarizations of benzene and propane 
with rising temperature indicates that the increase previously observed 

(18) Williams, Physik. Z., 29, 174 (1928); Williams and Krchma, THIS JOURNAL, 49, 1676 (1927) 
(19) Smyth and Zahn, ibid., 47,2501 (1925). 
(20) Ref. 4, P. 117. 



with rising temperature in a number of liquid paraffins is due to decrease in 
intermolecular action. 

The zero moment found for the benzene molecule agrees with the less 
accurate results of the measurements upon the liquid and with the sym- 
metrical structure of the molecule. The zero moment found for propane is 
consistent with the absence of moment in the higher members of the series 
and shows that any polarity in the C-C bonds, electrical dissymmetry 
caused by repulsion in the molecule or difference in electronegativity be- 
tween the hydrogens on the secondary and those on the primary carbons 
is too small for detection by means of the electric moment. 

The small moments found for toluene and propylene are of the same magni- 
tude as those which might arise from inductive effects in the molecules. 

PRINCETON, NEW JERSEY RECEIVED JUNE 6, 1932 
PUBLISHED FEBRUARY 9,1933 

[CONTRIBUTION FROM THE FRICK CHEMICAL LABORATORY OF PRINCETON UNIVERSITY] 

The Possibility of Dipole Rotation in Certain Crystalline Solids 

This paper presents the results of an investigation undertaken with 
the object of studying a possible contribution to the dielectric constants of 
certain substances through the rotation of a polar group in a molecule fixed 
in a crystal lattice or through the rotation of the entire molecule in the 
lattice, the latter possibility having been suggested by the results of 
Errera.'t2 When the molecules of a substance are so fixed in the solid state 
that any dipoles contained by them are unable to orient a t  all in an ex- 
ternally applied electric field, the dielectric polarization of the substance 
consists only of the so-called optical part, PE + PA, which should be 
virtually independent of temperature and of frequency within the range 
ordinarily used in dielectric constant measurements. Any considerable 
variation of polarization with temperature or frequency should, therefore, 
be evidence of dipole orientation, that is, of rotation of polar groups or 
molecules in the solid. In the present measurements, a certain number of 
molecules are placed between the plates of a condenser by filling the con- 
denser with liquid, which is then frozen. Consequently, as the temperature 
is lowered, the number of molecules between the plates is not appreciably 
altered by the changing density of the solid and the apparent value observed 
for the dielectric constant should not alter with the density. Although this 
apparent value of the dielectric constant evidently differs by a small but 
increasing amount from the true value as the temperature falls below the 
freezing point, i t  makes an excellent substitute for the polarization, which 

(1) Errera, J .  )hys. radium, [6] 6, 304 (1924). 
(2) Smyth, "Dielectric Constant and Molecular Structure." The Chemical Catalog Company. 

Inc., New York, 1931, p. 38. 
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is hard to obtain because of the difficulty of measuring the densities of the 
low melting solids as well as the true dielectric constants. 

Apparatus 
The apparatus used in measuring the dielectric constants was the capacity bridge 

employed in a previously described investigation,$ which was actually carried out after 
the measurements of the present paper Current of a pure sine wave form and of fre- 
quencies from 200 to 50,000 cycles was supplied to the bridge from an 8A Western 
Electric oscillator. At the higher frequencies, a six-tube amplifier with a detector and a 
multimeter as null instrument was used with the bridge, while, a t  lower frequencies, a 
two stage transfurmer-corrpled audio frequency amplifier was employed. P. resistance 
in series with the condenser in each of the two capacity arms of the bridge served to 
balance any conductance in the other capacity arm. As the only appreciable conduct- 
ance occurred in the measuring condenser, the series resistance in the opposite arm pru- 
vided a means of calculating the phase angle of this condenser.4 In  the present work, 
however, only qualitative use has been made of this resistance. When it was large, a 
considerable error was introduced into the results by the capacities of the coils of the 
non-inductively wound decade box used as the series resistance. 

The other apparatus and methods were similar to those described in previous papers 
from this Laboratory except in the modification of the measuring condenser and its use. 
A platinum resistance thermometer cased in glass was inserted inside the innermost of 
the three concentric gold-plated cylinders of the condenser. Before solidification of the 
liquid in the condenser, dissolved gas was commonly pumped off as far as possible with a 
water pump. In spite of this, the occurrence of gas pockets and cracks in the solid 
tended to lower the value observed for the dielectric constant. The solid was melted 
and slowly frozen again from the bottom up after the cell had been tapped to drive off 
gas bubbles. This process was repeated several times until an approximately constant 
value was reached for the dielectric constant, which was then measured a t  different 
temperatures below the melting point and at  different frequencies. A 10 or 12% in- 
crease in the observed value might be brought about by these successive freezings 
The dielectric constant observed was evidently a minimum value, but the values ob- 
served for a given solid were fairly accurate relative to one another, except at  the lowest 
frequencies where it was difficult to balance the bridge. 

Preparation of Materials 
n-Heptyl bromide was obtained as in earlier work.= 
Anisole.-Kahlbaum anisole was dried with calcium chloride and fractionally 

distilled. The middle fraction boiling a t  153.9-154.1 " (769 mm.) was used; n2z 1.51732; 
d i O  0.9951. 

Phenol.-Merck "Reagent" phenol was melted and fractionated The fraction 
boiling at  181.6' (756 mm.) was used. 

Benzoyl Chloride.-Eastman Kodak Company benzoyl chloride was fractionally 
distilled. The middle portion was again distilled, the fraction boiling constantly a t  
197.9" being used; n2i? 1.55354; m. p. -0 6'. 

Experimental Results 
The apparent values determined for the dielectric constants r at the 

temperatures t and at various frequencies from 50 to 0.2 kilocycles are given 
(3) Smyth and Kamerting, Trns JOURNAL, 63, 2988 (1931). 
(4) See Hague, "Alternating Current Bridge Methods," Sir Isaac Pitman and Sons, Ltd., 1,ondon. 

1923, p. 196. 
(5) Smyth and Rogers, THIS IOURNAL, 62, 2227 (1930). 
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in Table I. In Table I1 the rounded values of e at  50 k. c. and the densities 
obtained from various sources are used to calculate approximate values of 

6 - 1  M 
the molar polarization, P = (+ 2. 7. The values of the atomic polariza- 

tion PA are obtained by subtracting from P the values of the electronic 
polarization PE obtained by the extrapolation to infinite wave length of 
data on refraction taken directly from or calculated from material in 
Landolt-Bornstein (5th edition) .6 

TABLE I 
DIELECTRIC CONSTANTS OF SOLIDS 

n-Heptyl Bromide (m. p. - 60') 
i, O C .  50 30 10 5 1 0 . 2  k. c .  

-64.0 2.82 2.82 2.83 
-62.3 . . . . . . No change 

Hydroqtiinone Dimethyl Ether (m. p. 55.2 ") 
-91.0 2.80 2.81 
-30.8 2.81 2.81 2.81 2.81 
-14.8 2.81 2.81 2.82 2.82 2.82 

1.6 2.82 2.82 2.82 2.82 
29.2 2.82 2.82 2.82 2.82 2.83 2.83 
36.3 2.82 2.82 2.82 2.82 2.83 2.83 

Anisole (m. p. -37.8") 
50 30 20 10 5 1 

-56.3 2.88 2.88 2.88 2.92 
No change on cooling 10' 

Phenol (m. p. 42.5") 
-22.3 2.77 2.77 2.77 2.78 2.80 
- 4.9 2.79 2.80 2.80 2.80 2.83 2.85 
- 5.7 2.81 2.82 2.82 2.83 2.86 2.92 

22.9 2.84 2.85 2.86 2.88 2.94 2.98 
34 2.89 2.90 2.96 2.96 3.00 3.05 

Benzoyl Chloride (m. p. -0.6') . 
-51.1 2.96 2.97 2.98 2.99 3.03 3.14 
-31.7 3.02 3.04 3.10 3.14 
-20.3 3.09 3.12 3.12 3.22 3.29 
-10.4 3.33 3.44 3.55 3.64 4.0 

POLARIZATION O F  THE SOLIDS 
• d P PE PA 

n-C7H16Br 2.8 1.23O 55 41.2 14 
P-CEH,(OCH~)~ 2.8 1 . 1 3 ~  46 40.8 5 
CsHsOH 2.8 1.07" 33 27.5 5.5 

a Extrapolated from the densities of the liquid: probably correct to better than 10%. 
The average of five determinations with a pycnometer. "International Critical 

Tables." Vol. I, p. 199. 

(6) Cf. Ref. 2, p. 23. 
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Discussion of Results 
A rough attempt has been made to calculate PA for heptyl bromide 

because of the surprisingly high value, 15.5, found for it by Smyth and 
Rogers by means of the variation of the polarization with temperature in 
~olution.~ The value in Table I1 is in excellent agreement with that 
given by the solution measurements, but, if the density of the solid were 
10yo higher, as is not impossible, the value of PA given by the solid would 
drop to 8. The values of PA for the other substances are of the magnitude 
usually found for polar molecules of fair size? 

The values in Table I show positively that heptyl bromide, hydroquinone 
dimethyl ether, and anisole give no dipole orientation in the alternating 
electric field in the ranges of temperature and frequency used. This 
means not only that the large polar molecules do not turn as a whole in the 
field but also that the polar CH3-0 group, which might be mobile about 
its bond to the ring, is not turned by the field. The results on phenol 
and benzoyl chloride are inconclusive. The dielectric constants increase 
somewhat with rising temperature and decreasing frequency of the field 
in the manner that might be expected if an occasional molecule or polar 
group attached to the ring were able to turn in the field. However, the 
same effects could arise from the displacement in the field of small amounts 
of ions, which would be more important as the melting point was ap- 
proached and the frequency lowered. As phenol and benzoyl chloride are 
difficult substances to obtain in a very pure state, it appears probable that 
the small variation of dielectric constant observed is due to the presence of 
impurities rather than to any motion of the large molecules as a whole or of 
their polar groups. 

Summary 

A low frequency capacity bridge is used to measure the dielectric con- 
stants of certain crystalline solids over a range of temperature from the 
melting point down and at  frequencies from 200 to 50,000 cycles. Heptyl 
bromide, hydroquinone dimethyl ether and anisole show no turning of the 
molecules or of their polar groups in the externally applied field, while, 
in phenol and benzoyl chloride, effects which might indicate such turning 
are attributed to the presence of small quantities of impurities. The 
atomic polarizations of three of these substances are calculated. 

PRINCETON, NEW JERSEY RECEIVED JUNE 16, 1932 
PUBLISHED FEBRUARY 9,1933 

(7) Ref. 2, p. 164. 
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Application of the Gibbs Adsorption Theorem to Solid-Liquid 
Interfaces 

BY F. E. BARTELL, F. L. MILLER AND E. G. ALMY 

The Gibbs adsorption theorem expressed in the well-known approximate 

has been used by many different investigators in the study of adsorption at 
liquid-air and liquid-liquid interfaces. Although it has been assumed 
that the formulation should apply to liquid-solid interfacial systems, it 
has heretofore not been used because no method has been available for the 
measurement of the interfacial tension between a solid adsorbent and 
solution. The recent work of Bartell and Osterhof on adhesion tension2 

has made possible the application of a modified form of the equation to 
solid-liquid interfaces. 

Numerically, adhesion tension is the difference between two quantities 
which are themselves quite large but not directly measurable, namely, the 
surface tension of a solid, Sl, and its interfacial tension against a given 
liquid, Slz; i. e. 

AIZ = SI - SIZ 

The Gibbs theorem as applied to a solid-liquid interface would be ex- 
messed as follows 

The measurements made by the Bartell-Osterhof method give the values 
for A12, but not those for Slz. However 

S l z  = SI - A12 

Theref ore 

and since the surface tension of the solid is independent of the concentra- 
tion of the solution, we have 

Accordingly, if the addition of solute tends to increase the adhesion tension 
of the solid-liquid system, it is to be expected that the solute will be pref- 

(1) In this equation u represents the excess concentration of the solute per sq. cm. of interface. and 
Sx refers to the interfacial tension at  either a liquid-gas, liquid-liquid or liquid-solid interface. In 
this paper the different phases involved will he designated by the subscripts 1,2 and 3, indicating solid 
and the different liquid phases, respectively. Thus SO = Surface teusiou liquid-gas (or air); Saa = 
Surface tension liquid-liquid; Sa = Surface tension solid-liquid. 

(2) Rartell and Osterhof, Z. physik. Chem., 130,715 (1927); Ind.  Eng. Chem., 19, 1277 (1927). 
(3) Bartell and Sloan, TRIS JOURNAL, 81,1854 (1929). 
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erentially adsorbed at the interface, i. e., positive adsorption demands 
that the term d Alz/d c be positive. 

By measuring the adhesion tensions of a series of binary solutions against 
silica and applying the equation developed above, the adsorption at any 
concentration may be calculated. Such measurements and calculations 
have been carried out. In the systems studied the adsorbent in each case 
was silica and the liquid adsorbed was ethyl carbonate. Adsorption from 
each of three solvents, namely, benzene, a-bromonaphthalerie and dimethyl- 
aniline, was investigated. All of the liquids were first purified, then twice 
distilled and that fraction coming over at constant temperature was used. 

I t  has been frequently pointed out that the behavior of organic liquids 
at a silica surface is very similar to that at  a water surface. The data 
presented herein will serve to test this statement. By applying Gibbs' 
equation to values of the interfacial tension between the binary organic 
mixtures and water, it is possible to calculate the adsorption a t  the water 
interface and to compare the values obtained with those for adsorption 
from the same systems at the silica interface. Such calculations and 
comparisons have been made and are included in the tables. 

Experimental 

Adhesion Tension.-The adhesion tension values for the different: 
solutions were determined by the Bartell-Osterhof2 method, which consists 
in measuring the pressure of displacement of the solution by water from 
the minute pores formed in a tightly packed membrane of finely divided 
solid. From the equilibrium displacement pressure measured in the above 
manner, it is possible to calculate the adhesion tension of the solution 
against the solid by means of the equation 

A12 = All - S28 COS 0 2 1  

A13, the adhesion tension for water against a given solid is specific for that 
solid; values had previously been determined for water against silica. 
These values for water were again checked. Cos 9 2 3  was determined by 
the displacement pressure method mentioned above. With these data 
AE, the adhesion tension of the second liquid system against the solid, was 
determined. 

The solid used in this investigation was silica. It  was Tripoli air- 
float silica which had been treated several times with boiling 1-1 hy- 
drochloric acid and repeatedly washed with boiling water after each 
treatment until no trace of acid was found in the filtrate. This treat- 
ment removed the impurities of iron and aluminum salts which were 
present in the original material. The final product contained less than 
0.4% of impurities. All of the silica which would pass through a 350 mesh 
sieve was saved for this work. Before use the silica was heated in an elec- 
tric muffle at  about 950' for not less than two hours. 



Interfacial Tension Determinations.-Measurements of the interfacial 
tensions of each of the solutions of the different binary systems were made 
by means of the double cylinder type of interfacial tension apparatus 
developed in this Lab~ratory.~ These measurements were carried out in a 
small water thermostat, the temperature of which was maintained at  25 
+ 0.05O. 

The solutions of the different binary systems were made up accurately 
by weight. Concentrations are expressed in terms of mole fractions. 
The results obtained are given in Tables I, I1 and 111 (column 3). 

The interfacial tension-concentration curves (plotted from the data) 
for each of the three systems were found to be smooth and regular. There 
was no evidence of a minimum point in any of the curves. The curves 
were concave upward, indicating preferential adsorption of ethyl carbonate 
a t  the water interface from each of the liquids which were used as solvents. 

The adhesion tension-concentration curves were found to be similar to 
those expressing the interfacial tension data except that they were con- 
cave downward instead of upward. In the former case the slope d S23/d c 
was negative, whereas d AIz/d c is positive. This is in agreement with the 
theoretical considerations discussed above. Just as in the interfacial 
tension-concentration curves there was no indication of any irregularity 
nor of a maximum point in any of the curves. 

Calculation of Adsorption at Silica Interface.-If one plots the values 
of the adhesion tensions of ethyl carbonate solution-silica against the 

TABLE I 
ADHESION TENSION, ADSORPTION AND AREA OF MOLECULES 

Ethyl Carbonate from Benzenea 

Adsorption EtzC03 Area of molecules 
Mole Displacement u molejsq. cm. sq. cm. X 10'8 

fraction pressure An At silica At water At silica At water 
EbCOa Density S 2 3  g. /sq. cm ~i l ica  interface interface interface interface 

0.000 0.8741 34.65 404.1 51.08 . . . . . .  . . 
.038 .8784 31.32 350.6 55.29 1 287 0 472 15 42 22.1 
.027 .8843 29 30 318.0 57.86 1.824 1.663 16.76 14.8 
-113 .8880 27.60 294.9 59.73 2.207 2 115 17 42 13.3 
.I82 .8952 24.99 259.6 62.45 2.655 2.462 18.17~ 16gb  
.301 .go80 21.99 216.1 6587 3.025 2.817 19.09 1 8 0  
.424 ,9203 19.74 190.9 68.21 3.305 3.398 19.16 17.4 
.506 .9278 18.42 172.6 69.29 3.491 3.826 19 06 17.0 
.686 ,9444 16.01 144.0 71.53 3.672 4.165 19 07 17.1 
.864 .9590 13.92 124.3 73.08 3.814 4.600 1900 1 7 1  
.929 .9641 13.16 115.5 73.77 3.814 4 600 19.09 17.5 
.985 .9683 12.71 110.5 74.16 3.814 4 600 19.16 17.5 

1.000 .9691 12.61 109.4 74.25 3.814 4.600 19.09 17.5 -- 
Average 19.0 17.3 

' Radius of silica membrane pore = 1.602 X cm. Ala, water against silica = 
82.86 dynesjcm. Values below b in each case were used in obtaining averages. 

(4) Bartell and Miller, THIS JOURNAL, 60, 1961 (1928). 
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TABLE I1 
ADHESION TENSION, ADSORPTION AND AREA OF MOLECULES 

Ethyl Carbonate from a-Bromonaphthalene 
Adsorption EtzC03 Area of molecules 

Mole Displacement u mole/sq. cm. sq: ~ m .  X lOle  
fraction pressure 412 At silica At water At  slllca .At water 
EtzCO3 Density Sn g. /sq. cm silica interface interface interface Interface 

... 0.000 1.497 41.84 512.3 42.60 . . .  . . . . 
.014 1.491 38.55 467.5 46.11 0.549 0.872 23.3 16.7 
.052 1.473 34.51 407.7 50.81 2.502 1.800 14.2 17.2 
.lo1 1.449 30.85 352 0 55.19 3.107 2.510 16.2 17.8 
,236 1.383 24.84 259 6 62.45 3.107 3.220 21.6- 1 9 . 1  
.357 1.320 21.49 212.0 66.19 3.107 3.220 22.9 20.8 
.490 1.253 18.86 182.1 68.54 3.107 3.220 22.7 21.3 
,759 1.108 14.99 141.3 71.75 3.107 3.220 21.6 21.2 
.906 1.025 13.44 122.3 73.24 3.107 3.220 21.1 20.9 
,952 0.998 13 01 115.5 73.77 3.107 3.220 21.0 20.7 
,976 ,984 12.79 112.8 73.99 3.107 3.220 21.0 20.6 

1.000 ,969 12 61 109.4 74.25 3.107 3.220 20.8 20.6 -- 
Average 21.6 20.7 

" Values below a in each series were used in obtaining averages. 

Mole 
fraction 
Et2C03 

0.000 
,026 
.052 
,105 
.208 
,311 
,413 
.515 
.759 

1 ,000 

ADHESION TENSION, ADSORPTION AND AREA OF MOLECULES 

Ethyl Carbonate from Dimethylaniline 
Adsorption EtzC03 Area of molecules 

Displacement u mole/sq. cm. sq. cm. X 1018 
pressure A 12 At silica A t  water A t  sil~ca At water 

Density S 2 3  g. /sq. cm. silica interface interface interface Interface 

... 
0.355 

.492 

.896 
1.332 
1.606 
1.913 
2.236 
2.397 
2.518 

Average 

logarithm of the concentration of ethyl carbonate (in moles per cc.), 
a curve is obtained, for each solvent, which straightens out and approaches 
a constant slope as the concentration of ethyl carbonate increases. Since 
the adsorption of solute at  any concentration is, according to the theorem, 
directly proportional to the slope of the curve at that point, it appears 
that "saturation" of the surface by adsorption must have been reached 
when this slope no-longer changes. That is, from this point on the con- 
centration of solute in the interfacial layer is in excess of the bulk concen- 
tration by a constant amount. 

The calculated values for adsorption of ethyl carbonate by silica from 



each of the three solvents are given in the tables (column 6). I t  is seen 
that a t  a silica surface ethyl carbonate is adsorbed from benzene to a some- 
what greater extent than from alpha bromonaphthalene, while from di- 
methylaniline the adsorption is much less. 

The values for adsorption of ethyl carbonate a t  a water interface from 
the same three solvents are also given in the tables (column 7). The ad- 
sorption values shown in this table were calculated by applying Gibbs' 
equation to interfacial tension concentration data. As in the case when 
silica was the adsorbent, adsorption is greatest from benzene and least 
from dirnethylaniline-an observation which is in agreement with the 
widely accepted view that silica and water surfaces behave very similarly 
toward organic liquids. 

Calculation of Area of Adsorbed Molecules.-It is of interest also to 
compaxe the calculated area of molecules adsorbed at  a silica surface 
with the calculated area of the same molecules adsorbed at  a water surface. 
Such results are summarized in the tables (columns 8 and 9). The method 
of calculation is one used by Bartell and Mack5 which has been designated 
the "modified mixture law" method. I t  is assumed that if there were no 
adsorption the adhesion tension-concentration curve would be a straight 
line. To determine the concentration of solute in the interface correspond- 
ing to any given concentration in the bulk of the solution one needs simply 
to draw a horizontal line from the adhesion tension-concentration curve 
to the straight line joining the two ends of the curve. The concentration 
corresponding to the intersection of the two lines is the concentration of 
solute in the interfacial layer. This gives the value called "total" moles per 
cc. in the surface. The adsorption as shown in the previous tables is the 
excess moles per sq. crn. in the surface. The total moles per sq. cm. is 
obtained by adding to this quantity the value of i'"~'/"n which c is 
the concentration (moles per cc.) in the solution and N is Avogadro's 
number. The term (c2'"~'/') is moles per sq. cm. in the bulk of the 
solution and when added to the excess moles per sq. crn, in the surface 
(adsorption) gives the total moles per sq. cm. in the surface. The thickness 
of the surface layer, then, is given by the quotient 

total rnoles/sq. cm. t = 
total moles/cc. 

and the area of an adsorbed molecule by 
M a = -  

Ndt 

where d is the density and M the molecular weight. 
Bartell and Mack showed empirically that for applying the mixture 

law method to calculations of this sort, it was more suitable to use volume 
fraction than mole fraction values in expressing solution concentrations 

(5)  Bartell and Mack, J .  Phys. Chcm ,36, 65 (1932). 
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Consequently in obtaining the area values given in the tables mole frac- 
tions were converted to volume fractions and graphs were drawn from 
which the interfacial concentrations were determined. 

The area of the ethyl carbonate molecuIe adsorbed on silica was found 
to be practically the same from the three different solvents, which in- 
dicates that the adsorption calculated by means of Gibbs' equation and 
adhesion tension data must be approximately correct. By an exactly 
analogous method the area of the ethyl carbonate molecule adsorbed a t  
the water interface was calculated. (Column 9 in tables.) It had been 
previously demonstrated5 that this method gives reliable values for the 
area of molecules adsorbed at liquid-liquid interfaces. The dose agree- 
ment between the calculated area at the water interface and the calculated 
area at  the silica interface is further evidence that the calculation of 
adsorption at solid surfaces from adhesion tension data is justified. 

Summary 

1. A method was developed for calculating adsorption at solid-liquid 
interfaces by means of the Gibbs adsorption theorem using adhesion tension 
data instead of surface tension or interfacial tension data. 

2 Adhesion tension values against silica and interfacial tension values 
against water were determined for three binary liquid systems throughout 
the entire concentration range. 

3. The order of "maximum" adsorption of a given solute from a series 
of three organic liquids was found to be the same whether silica or water was 
used as adsorbent. This is in agreement with previous observations con- 
cerning the similarity between a water surface and silica surface in their 
relation to organic liquids. 

4. From the adsorption data and by means of the "modified" mixture 
law method the area of adsorbed ethyl carbonate molecules was cal- 
culated. Six values were obtained using three solvents and two adsor- 
bents. The agreement of the values is remarkably good, justifying in large 
measure the use of adhesion tension data for calculating adsorption at the 
solid-liquid interface 

ANN ARBOR, MICHIGAN RECEIVED JULY 11, 1932 
PUBLISHED FEBRUARY 9,1933 
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The Vapor Pressure of Crystalline Benzene and Cyclohexenel 

BY V. R. DEITZ 

In the course of an investigation concerning symmetry calculations for 
molecules i t  was necessary to know accurately the vapor pressure of ben- 
zene and cyclohexene in the crystalline state a t  various temperatures. 
In order to fill this need the Knudsen method of measuring vapor pressure 
was modified to fit the requirements of low temperature, and measurements 
were obtained of the vapor pressure of benzene and cyclohexene in the 
temperature range 165-200°R. 

I. Apparatus 
A. Temperature Control.-For temperature control a thermostat was used which 

was an adaptation from that of Andrews and Southard.2 A block of aluminum was 
machined to fit into a standard liter Pyrex Dewar flask, evacuated to about 5-mm. pres- 
sure. It was non-magnetically wound with about 80 ohms of constantan resistance wire 
and contained in the center a 3-cm. hole to take the tube in which the diffusion cell was 
hung. It also was equipped with thermocouples placed on the inside and outside. 

Bell jar. The Dewar containing the block was 
immersed in liquid air contained in a larger 
one-half gallon Dewar, see Fig. 1. After 
adjusting the necessary cork insulators, the 
assembly was raised into position by aid of 
an auto jack not shown in the figure. 

The thermocouples functioned as fol- 
lows: when the inside thermocouple showed 
that the temperature desired was being ap- 
proached, the outside thermocouple current 
was opposed by the proper e. m. f. from 
a potentiometer circuit. Hence, when the 

E' temperature changed, the  galvanometer 
3 
m 
h 

placed in this circuit reflected a beam of light 
m across a photoelectric cell. This regulation, 
a 

properly amplified, tripped a relay which 
a caused current to heat the aluminum block. 

rs Thus a balance between the cooling effect 
of the liquid air and the heating of the re- 
sistance coil produced a constant tempera- 
ture. A period of about an hour was neces- 

Thermostat. sary before the temperature was constant. 

Fig. 1. Under normal operating conditions, the 
heating current was on for about three 

seconds out of two minutes. Temperature control of *0.05' was readily obtained. 
B. Vacuum Balance.-In the usual Knudsen method the amount of vapor escaping 

through a calibrated hole is determined by noting the loss in weight of the evaporating 
substance over a definite time interval. Because of the difficulties incident to the low 

(1) From the dissertation submitted to the Johns Hopkins University in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy. 

(2) Andrews and Southard, J .  Franklin Inst., 207, 323 (1929). 



temperature, it appeared advisable to follow the loss of weight continuously, without re- 
moving the diffusion cell from the thermostat. 

A Becker analytical balance was mounted on a steel plate and equipped with de- 
vices so that it could be operated by controls outside of the vacuum chamber, see Fig. 1. 
The beam was lifted off and on the knife edges by replacing the usual eccentric mecha- 
nism by a screw device. The male screw was fastened to the vertical shaft of the bal- 
ance release mechanism. The female screw had a flange midway up the side, so placed 
as to fit into a depression in the surrounding glass tube. The bottom of the female screw 
fitted snugly into the stopper part of a glass ground joint. This arrangement permitted 
the turning of the ground-glass stopper to rotate the screw which forced the central 
shaft up or down. 

Fig. 2.-Rider adjustment. 

A sufficiently heavy rider was used to measure a difference of 0.4 g. The rider was 
moved along by the mechanism shown in Fig. 2. The carriage A was pulled left or 
right by means of a solenoid arrangement. Once the carriage was pulled into place 
under the rider, the carriage was tilted by a second solenoid arrangement so as to pick 
up the rider. It was then moved into the desired 
position and lowered on the beam. The weighjngs 
were made by the method of swings. The usual 
index plate of twenty divisions was replaced by one 
of forty divisions, furnished by Christian Becker, 
Inc.. New York. The moving pointer was viewed Platinum threads 

Platinum disk 
through a telescope, so that the magnification al- Lead gaskets 

lowed one to estimate tenths of division. Under 72 Threads per 
the conditions and load of the experiment the sensi- inch 

tivity as determined several times averaged 2.05 * 
0.10 divisions per milligram 

C. DifTusion Cell.-The substance was placed 
in a small brass cylinder, see Fig. 3. The platinum 
disk containing the calibrated hole was held between 
two thin lead gaskets, compressed by screwing down 

72 threads per inch. With these precautions, the 

negligibly small. 

i 
the top very firmly. The cylinder was threaded with ~ i ~ .  a . - ~ ~ ~ ~ ~  diffusion 

amount of vapor escaping around the lead washers or down the threaded side was 

The freezing point curve of the benzene used in these experiments, after purifi- 
cation, showed the presence of not more than 0.1% impurity, the melting point being 



f 5.48". The cyclohexene was purified by Dr. J. H. Bruun of the Bureau of Standards, 
to whom the author is very grateful. The cooling cun7e showed the presence of not 
more than 0.5% impurity; the melting point being - 104.1 O. 

11. Procedure 

The dausion cell containing ,the substance was suspended from the 
balance arm and the glass tube put in place surrounding it, see Fig. 1. 
The system was slowly evacuated with the cell a t  a temperature of about 
- 20°. This permitted the water vapor to be pumped off without undue 
loss of benzene. The temperature was then lowered to - 78' and the steel 
mercury diffusion pump was started. After ten hours of pumping, liquid 
air was placed in the trap nearest the balance. Sublimation occurred 
then to this trap, instead of through the apparatus to the trap near the 
mercury pump. The thermostat was cooled in the meantime and quickly 
slipped into position. While the temperature slowly attained a constant 
value, the zero of the balance was kept on the scale by adjusting the rider. 
When the temperature appeared to be constant, readings were begun. 

Since preliminary experiments indicated a temperature lag between 
the cell and the walls of the thermostat, the outside walls of the cell (not 
the top) were coated with a fine soot. A thermocouple was soldered to a 
thin copper cylinder which was also covered with soot and placed inside 
touching the walls and surrounding the cell. Under these conditions 
the temperature distribution was uniform. A conservative estimate places 
the temperature control above - 100' a t  *O.1° and for lower tempera- 
tures at 0.3O. 

111. Results 

It is, of course,'necessary to know the total resistance to flow of the vapor 
from the diffusion cell to the liquid air surface. This was obtained by 
making several runs with benzophenone and comparing the results with 
the data of Volmer and Kirchh~ff.~ The value for the total resistance 
to  the flow of the vapor was found to be 726 * 20 units. There is an ad- 
vantage in having the resistance a t  thishigh figure. In the work of Volmer 

I ,  sec. 

900 
780 
660 
630 
800 

1300 
850 

Char 
scale d 

Hence p = 7.12 dynes 
(3) Volrner and Kirchhoff, Z. physik. Chem., 116, 233 (1926). 

m - 1000 sec 

0.65 
.70 
.70 
.70 
.70 
.70 
.65 - 

0.68  mg. 
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and Kirchhoff it was shown that for rapid diffusion of the vapor the surface 
is cooled quite appreciably. His results show that the values obtained for 
w = 17.17 were 18% lower than for values at w = 205. Table I illustrates 
the type of data obtained for benzene at T = 195.0°K. 

0.00350 0.00400 0.00450 O.OOW0 0.00550 0.00590 
l /T O K. 

Fig. 4 . ~ ~ 3 .  Deitz; @, M ~ n d e l ; ~  @, Young and l s~r tey ;~  0, Barker.' 

Table I1 summarizes the direct results for benzene and for cyclohexene. 
The results for benzene are shown in Fig. 4, together with those of previous 
investigators.* 

TABLE I1 
Temp., OK. Pressure, dynes 

Benzene (s) 200.2 10.40 
Benzene (s) 195.0 7.12 
Benzene (s) 193.2 5.95 
Benzene (s) 184.3 1.93 
Cyclohexene (1) 176.2 3.75 
Cyclohexene (s) 165.0 1.20 

The author wishes to take this opportunity to express his sincere ap- 
preciation to Professor D. H. Andrews at whose suggestion this work was 
undertaken. 

Summary 

The vapor pressures of crystalline benzene and cyclohexene have been 
measured by means of a modified Knudsen procedure. An analysis of the 
experimental errors entailed leads to a probable error in the vapor pressure 
measurements of about 4%. 

BALTIMORE, MARYLAND RECEIVED JULY 14, 1932 
PUBLISHED FEBRUARY 9,1933 

(4) Mundel, Z. physik. Chem., 71, 235 (1910). 
(5)  Young and Fortey, J. Chem. Soc., (London) 76, 873 (1899). 
(6) Barker, 2. physik. Chem., 71,  235 (1910). 
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Properties of Electrolytic Solutions. 11. The Evaluations of 
AO and of K for Incompletely Dissociated Electrolytes 

BY RAYMOND M. FUOSS AND CHARLES A. KRAUS 

I. Introduction 
Assuming complete dissociation, the conductance of strong electrolytes 

in water (at low concentrations) as a function of concentration is well 
accounted for by the interionic attraction theory. Evidence is accumulat- 
ing, however, which indicates that for all electrolytes in solvents of lower 
dielectric constant, as for weaker electrolytes in water, dissociation is in- 
complete a t  accessible concentrations. It has been proposed that a mass 
action effect be combined with the interionic effect1 in order to account for 
the observed conductance values. This suggestion was first made by 
Davies2 for various weak electrolytes in water and shortly afterward by 
Sherrill and Noyes3 and by MacInnes.* 

Later Onsager5 derived an approximate conductance equation which took 
into account the mass action effect as well as interionic forces, and calcu- 
lated several examples. An extrapolation method based on this equation 
has been applied by Davies6 to non-aqueous solutions. Using a combina- 
tion of the two effects, Martin7 has computed conductance values for 
various salts in benzonitrile. The results obtained by the various writers 
indicate that a mass action effect must be taken into account, but the 
methods employed in evaluating the limiting conductance and the dis- 
sociation constant have been only approximate and it is difficult to deter- 
mine how closely the experimental results may be accounted for by the 
assumptions made. 

Perhaps the chief source of inconsistency lies in the value assumed for 
An, the limiting conductance of the electrolyte. In aqueous solutions, the 
value of An for weak electrolytes may usually be evaluated from data 
relating to strong salts of the corresponding acid or base. In the case of 
solutions in solvents of lower dielectric constant, however, it is necessary 
to evaluate the limiting conductance for a given electrolyte from con- 
ductance data relating to that electrolyte alone. At present, only empiri- 
cal extrapolation formulas have been employed for determining ilo from 
conductance data which do not show the theoretical slope on a square root 
plot. For an exact comparison of theory and experiment, however, any 

(1) We are using the expression "interionic effect" in the sense of the theory of Debye and Huckel, 
although, of course, mass action likewise depends on an interaction of ions due to  their changes, and 
depends upon the electrical properties of the medium 

(2) Davies, J. Phys. Chem., 29, 977 (1925). 
(3) Sherrill and Noyes, THIS JOURNAL, 48, 1861 (1926). 
(4) MacInnes, ibid., 48, 2068 (1926). 
(5) Onsager, Physik Z . ,  28, 277 (1927) 
(6) Davies, "Conductivity of Solutions," John Wiley and Sons, Inc , New York, 1930. Chapt. VII. 
(7) Martin, J. Chem. Soc., 3270 (1928). 



empirical extrapolation function may be expected to lead to an error in 
the value of A,. This, in turn, may induce a relatively large error in the 
value found for the dissociation constant K, since the error in (1- y) 
will be large if y, the fraction dissociated, is large, and the limiting form 
of the calculated curve may deviate greatly from the true curve. The 
difficulty may be overcome by solving the equations connecting conduct- 
ance and concentration, which involve A. and the dissociation constant 
K. While these equations are not readily solved explicitly, they may be 
solved by successive approximation or by graphical means. Below is 
described a convenient method of solution and this method is applied to a 
variety of binary electrolytes in solvents of dielectric constant varying 
from 10.4 to 79. The calculated values are in agreement with the experi- 
mental values up to ion concentrations of approximately 2 X N.  

11. The Conductance Function 

We consider a solution of a binary electrolyte AB and assume the usual 
equilibrium 

A +  + B ' A B  (1) 

between ions and "undissociated molecules" of solute. It will not be 
necessary to consider the physical picture underlying (1) ; we shall accept 
the equation as implying that on the average a certain fraction of the total 
solute does not contribute to the transport of electricity through the solu- 
tion during the conduction process. If the stoichiometric concentration 
is c, and the average fraction of solute free to carry the current is y, then 
the various concentrations are 

[Af] = [B'] = GY 

[AB] = c (1 - 7 )  

where 
1 3 ([A+] + D'1) + LAB1 = c 

We assume as a first approximation that the thermodynamic properties and 
migration velocities ofthe ions depend on the total concentration of free 
ions 2 cy in the manner described by the equations of the interionic attrac- 
tion theory. The changes in the properties of the solvent and in the dis- 
tribution of ions in the "ionic atmospheres" which are caused by the 
presence of undissociated (non-conducting) ion pairs will be neglected. 
We shall also neglect higher terms8 in the calculation of interionic effects. 
Finally, we assume that the undissociated molecules are present as a dilute 
solution in the classical sense. These assumptions appear to be justified 
at  lower concentrations, even in solvents of quite low dielectric con~ tan t .~  

(8) Incidentally, we might mention that, since we limit our discussion to  binary one-one salts the 
odd terms in the power series expansion used in computing interionic effects vanish, and that the va- 
lence factor (zszz)" in the terms of this series always is unity. 

(9) By "lower concentrations," we mean up to 0.003-0.004 N in liquid ammonia. for example. 
The only way to test the validity of the assumptions is to apply them to a practical case and see whether 
calculated results based on the assumptions agree with the observed experimental facts 



The equilibrium function describing reaction (1) is then given by 

where the activity coefficients are represented by f. Our assumption that 
the neutral molecules are present in dilute solution is equivalent to setting 
fAB = 1. We shall employ Debye's first approximation to calculate 
these coefficients for the ions, using, in accordance with our assumptions, 
2 cy for the total ion concentration. Then 

- 
where 

j3 - o.43-ia ----- --- 2;;* (l:kN;;T) 'I' 

Here,lo e = the electronic charge = 4.770 X 10-lo e. s. u., 2V = Avogadro's 
number = 6.06 X loz3, k = Boltzmann's constant = 1.371 X 10-lberg/lo, 
D is the dielectric constant of the solvent, T is the absolute temperature, 
and a is the ionic radius.lL 

If we substitute our symbols for the concentrations, and assumefA+ = fs- 
the equilibrium equation becomes 

cr2P/ ( l  - Y )  = K (3) 

For convenience in later manipulation, we shall introduce a variable x de- 
fined by 

x = ( 1  - y ) / y 2  = c?/K (4) 

For a solution containing cy/1000 equivalents per cc. of anions and 
cations with mobilities vg- and v,+, respectively, the specific conductance 
K is given by 

1000~ = FCY(VA+ + V R - )  (5) 

where F = 96,494 international coulombs per equi~alent. '~ The equivalent 
conductance is defined as 

d = 1000 K / C  (6) 

According to the interionic attraction theory, the mobilities vary linearly 
with the square root of the ion concentration; if we use Debye's equation 
to  represent this change, we have, in view of (5) and (6) 

A = r(Ao - CY 45) (7) 

where A. is the limiting value of the equivalent conductance, and a has the 
value computed by Onsager 

(10) Birge, Phys. Rev. Supplement, 1. 1 (1929). 
(11) The value of a may be estimated from the limiting conductance by means of Stokes' l t w  wit11 

sufficient accuracy to be used in a correction term, 
(12) Ref. 10, p. 36. 



Here 7 is the viscosity of the solvent and the other symbols have their 
usual meanings. 

We now have a system of equations (21, (3) and (7) which implicitly 
describe the conductance curve 

A = n(c) 
Explicit solution in this form is difficult, due to the mixed form (transcen- 
dental, quadratic and cubic) of the system, but by means of the variable x, 
i t  is possible to transform the equations in such a way that calculation will 
be convenient. The explicit solution may be carried out in principle as 
follows: we regard c and A as known quantities from experiment, and nlay 
solve (7) in the forrii ilo = i i u  (7). From (3) and (3), we eliminate f and 
obtain y = y(K, a ) ,  which, in view of the approximate relation betweell 
A,, and u contained in Stokes' law, and the relative unimportance of the 6- 
correction term, may be written 7 = 7(K). From these two equations, we 
eliminate y and obtain a relation between A. and K, F(K, Ao) = 0. We 
have as many equations (7) as we have experimental points A = A(c). 
Corresponding to any two pairs of values of c and A, the equations Fl 
(K, Ao) = 0 and F2(K, do) = 0 may be solved for K and Ao. 

Before considering the general case, however, it is of interest to  men- 
tion two limiting cases. If K is large, -y approaches very near to  unity and 
(7) reduces first to Onsager's equation 

A = no - or <C - Aoc/K (9) 

and, for K still larger, to the limiting law for complete dissociation 
A = h o - c r f i  (10) 

It should also be noted that, in any case, the limiting slope on a A-.\/c 
plot is a. If, on the other hand, K is very small, (1 - y) may be replaced by 
unity in (3), and a y'E beconies negligible compared to  ho, so that 

Y FJ A/Ao (11) 

and the equilibrium equation becomes 
cA2 = KAo2 (12) 

We should expect, therefore, that log A plotted against log c would be a 
straight line with slope 

d log A 1 - = - -  
d log c 2 (13) 

when K is small. Also, if the limiting conductance is known, approximate 
values of K may be computed by (12). 

In the general case, both the change of ion concentration and of ion 
mobility with concentration must be considered. If we rewrite equations 
(7) and (2) in terms of x, we obtain 

A - = or V'K XI/' ,fa/, 

A o 
Y - - ---- 

A ,  f 
and 

-flog f = B V'K V'xy/(l + 6 .\/a (15) 
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By solving (4), we obtain 
d Z  = %'-/v 

r = ( 4 1  + 4x - 1)/2x 
For small values of x, the power series 

= 1 - x + 2x2 - 5xa + lk4 - 42x6 + . . . (18) 

may be used to calculate y from x .  
The values of the limiting conductance A. and of the dissociation con- 

stant K are determined from conductance data as follows. An approxi- 
mater3 value y' of y is obtained simply by replacing y in the interionic 
attraction term of (7) by A/Ao 

= A/Ao 
1 - cuA~-~/s l/z (19) 

The value of A. used here is obtained by any convenient method, such as a 
free-hand extrapolation of the experimental A - 4 2  curve; the final result 
is independent of the value of A. initially assumed. The approximation 
is repeated according to the scheme 

y" = 'IAo -, etc. 
1 - a ~ o - ~ d c v '  

which converges to a constant value. Having determined 7, v/Z is com- 
puted from (16) and f from (2). The l/Z is plotted against f 4 .  (The 
square root plot generally gives the more convenient scale.) According 
to (4), this plot should be a straight line with slope y z ,  passing through 
the origin. If the value of A. used in (19) is greater than the actual value 
of no, the f1/'.-+ curve will have a positive intercept on the <x axis. 
If this is the case, the computation is repeated for several smaller values of 
no, until a small negative intercept is obtained; the A0 values used are then 
plotted against the corresponding d i i  intercepts and a value is interpolated 
which gives a zero intercept. The value of <K is determined by plotting 
the slopes of the fdc-<x lines against the intercepts and interpolating 
as above. Since the fi/G-4% curve is very nearly linear (except in the 
extremely dilute region) even when the value of A0 chosen is not the true 
value, it is sufficient to carry out the above calculation a t  only two con- 
centrations which are taken in the range of concentration where the ex- 
perimental error is small. This will give a value of AO which is as accurate 
as the two data; the computation may then be repeated with this value 
of Ao, using all of the experimental data, and weighting the points accord- 
ing to their accuracy if desired. If the .\/X intercept thus determined is 
not quite zero, the values of A0 and K may be corrected by means of the 
average slope of the interpolation plots. In our calculations we used at 
least five conductance determinations and, in this case, the interpolated 

(13) Equation (7) is cubic in yl/t and may be solved by the usual algebraic methods or by the use of 
tables. In general, however, the convergent approximation method as here outlined is more rapidly 
handled. 
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values of A. and K needed no correction to bring them into agreement 
with the remaining data. 

Figure 1 illustrates the application of the method to Kraus and Parker '~ '~  
data for iodic acid in water. Curve I (scales above and left) covers the 
entire concentration range (0.0003-0.2 N )  and corresponds to A0 = 
391.19; the three lower Curves 11, 111 and IV (scales below and right), 
show the dilute region (0.0003-0.002 N) on a ten-fold magnified scale 
and correspond to A. = 390.8, 391.19 and 391.60, respectively. The 
points in the most dilute region are extremely sensitive to  experimental 

error, because y is greater than 0.99; nevertheless, it is obvious that 
A. = 391.60 is too great and A. = 390.8 is too small, because the average 
straight lines corresponding to these values definitely do not go through 
the origin, while the line for A. = 391.19 does satisfy this condition. Simi- 
lar results have been obtained for about twenty-five electrolytes in various 
solvents. 

The approximate linearity of the fi/C-y/Z plots, when the value of 
AO used above is near to the true value, is readily accounted for. The mass 
action equation (3) may be written 

(14) Kraus and Parker, THIS JOURNAL, 44, 2429 (1922). 



Now f i / Z  depends on the chosen value of A. through y in the expression 
for log f and hence is not very sensitive to changes in Ao. On the other 
hand, y, and hence i / Z ,  depends directly on A/Ao, so that the main effect 
of changing A0 is to change the values of 42. But, if A. is near to the 
true value, the left-hand side of the above function does not change much 
with c, so that KAo2 remains constant except for differences of higher order. 
For K A o2 constant, fi/c is linear against the square root of the reciprocal 
of the second factor on the left, which is the 4% value computed for the 
chosen value of Ao. The "true" value of Ao, however, is the value ap- 
proached by A (observed) as c approaches zero, and this value obviously 
corresponds to the condition that x = 0 when c = 0. 

If A0 and K are known, the conductance curve may be computed as 
follows. A sufficiently dense set of values of 4 2  ranging from zero to 
-K are listed, where c, is the maximum concentration to be con- 
sidered, and the corresponding values of y, xl/' y"/' and de  are read" 
from the graph (Fig. 2, Curves I, I1 and 111). From a plot of -flog f 
against f (Curve IV, Fig. 2), approximate values f' off are determined 
according to the equation 

-y log f' = p 4 E  dG 
With these values for f, approximate concentrations are computed from 

42 = di? 4;/y 
and are used to determine the correction term in (15); then a second 
approximation f" for f is obtained from 

-f" log f" = 6 2/K dG/(l + 6 -\/.&) 
This approximation scheme converges rapidly ; when f becomes constant, 
4 I  is given by (4). Then A is calculated according to (14) and a smooth 
curve is finally drawn through the computed (A, di?) points. 

If i t  is desired to compute values of A for particular values of c, rather 
than to draw the conductance curve, a somewhat different procedure is 
followed. As a zeroth approximation, y is set equal to unity in (2), and 
the corresponding value (fD)2 of f2 is determined by 

--log @I2 = 28 <c/(1 + 6 +) 
The corresponding value xQ of x is computed from the given concentra- 
tion by means of (4), and then a first approximation y ' for y is obtained by 
substituting x0 in (17) (or in (18) if x0 is small). Then ( f ' ) 2  is computed 
from 

-log (7)" 2@ 1/~7/(1 + 8 43) 
and the process repeated until y converges to a constant value. Then, 
with y and f determined, A is computed according to (7). 

(15) For calculations requiring a higher accuracy than is permitted by a graph, a table of the 
values of &, 7 ,  dG and x1/2 7% for round values of x i s  very convenient. 
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The general nature of the conductance function is evident from (14), 
where the conductance ratio A/Ao is given as the difference between two 
terms, A and (a! <K/h0) (xl/' ya/"f). The first represents the effect of 
mass action and the second the effect of interionic forces, corrected for 
incomplete dissociation. When the dissociation constant K is large, y 
remains near unity and varies approximately as the first #ewer of x,  while 
the interionic attraction term has a large numerical coefficient and varies 
as the square root of x. Consequently, the variation of A/& with c is 
governed primarily by the latter term, On the other hand, when K is 
small, even small concentrations soon correspond to large values of x where 
r is decreasing rapidly (Curve I, Fig. 2). The interionic attraction term 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
4:. 

Fig. 2.-Functions involved in calculation of conductance. 

now has a small numerical coefficient and becomes merely a correction term 
to y in determining A/Ao, since xl/' yS/' reaches a maximum a t  x = 2 (Curve 
11, Fig. 1). The decrease of f with increasing concentration increases 
the term in question, but the increase is retarded by the proportionality of 
f log f with 1/%. The various relations are illustrated by Fig. 2 ;  if, for 
simplicity, we neglect the change of f with c, the conductance curve is 
simply the resultant of Curves I and 11, where Curve I has the ordinate 
scale given in the figure and the scale for the Curve I1 is multiplied by 
(a! <K/AQ). As might be expected, the conductance curves for weak 
electrolytes (cf. Fig. 3) markedly resemble the y-curve of Fig. 2,  

The inflection point in the 7 -42  curve (I, Fig. 2) lies a t  

4 2  = -8 = 0.4653 
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and the corresponding concentration 
ci,j = 0.2165 K/fcnf2 (20) 

is proportional to the dissociation constant. A rough estimate of the 
concentration at  which the inflection point appears may be obtained by 
setting f equal to unity. For example, if K is 5 X the inflection point 
in the r-.\/it curve appears in the neighborhood of N, and one should not 
expect a A-<c plot to have a slope equal to the limiting value at  concentra- 
tions greater than N.  It is only a t  much lower concentrations that 

the interionic term becomes 
the controlling term, rather 
than a correction term to 
A/&. Incidentally, the pres- 
ence of the inflection point 
accounts for the fact that 
many conductance curves are 
apparently linear in z/? over 
a certain range of concentra- 
tion, but with a slope con- 

0 < 1.0 siderably greater than a. 
4 111. Comparison with 

0 8  Experiments 
The method of computa- 

0.6 tion presented above has been 
applied to a number of sets of 

0 4  conductance data, chosen to 
cover a fairly wide range of 

0 2  t h e  specific constants in- 
volved. The results for sev- 

0.~0 eral examples are shown in 
0.00 0.02 0.04 0.06 0.08 0.10 

4. Fig. 3, where the conductance 

Fig. 3.-Comparison of calculated and observed ratio A/Ao is plotted against 
conductance values: I. iodic acid in water; 11, the square root total con- 
sodium bromate in ammonia; 111, sodium iodide in centration. (Each curve be- 
amyl alcohol; IV, tetraisoamylammonium nitrate gins on the left at  (dc = 0, 
in ethylene dichloride; V, potassium amide in n/Ao = 1); in order to avoid 
ammonia. confusion due to  crossing 
curves, the different curves are displaced vertically. The ordinate unit is 
0.2.) The circles indicate the various observed points. The curves are 
drawn according to equations (2 ) ,  (3) and (7), where the constants have the 
values given in Table I, and the limiting tangents are drawn in accordance 
with (8). 

A comparison of calculated and observed values for iodic acid in water 
is given in Table 11. The specific conductance of the water used in Series 
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TABLE I 
CONSTANTS FOR CONDUCTANCE CURVES 

No. Solvent Solute 1, OC. D 'I a 

I Hz0 HI08 25 78.57 0.00895 148.75 
I1 NH3 NaBr03 -33.5 22.0 .00256 1052 
111 C&IIION NaI 25 16.0 .038 59.19 
IV C I H ~ C ~ ~  ( C ~ H I ~ ) ~ N N O ~  25 10.4 .00785 500 
V NHs KNHa -33.5 22.0 .00256 1191 

6 0 A0 K 
I 0.0153 0.5044 391.19 0.1686 
I1 1.54 4.742 286.2 .00253 
I11 2.80 5.517 11.246 .OD295 
IV 2.86 10.52 65.8 .00115 
V 1.26 4.742 351.3 .000070 

6 and 7 was about five times that used in Series 4 and 5 ;  it will be noted 
that the agreement between calculated and observed conductances is 
much better for the former two than for the latter two series. Excepting 
the most dilute points in each of Series 6 and 7, the deviations are within 
the experimental error of several hundredths of 1% up to about 0.02 AT; 

TABLE I1 
CONDUCTANCE OF IODIC ACID IN WATER 

Series 4 
c X 101 A (obs.) A (calcd.) A, % K 

0.068517 389.02 389.80 -0.19 ... 
.I44572 388.94 389.08 - .03 . . . 
.233308 388.31 388.40 - .02 . . . 
.399158 387.46 387.35 + .03 0.1938 
.648686 386.12 386.01 + .03 .I823 
.986010 384.54 384.45 + .02 .I764 

1.49429 382.36 382.39 - .01 .I675 
2.11108 380.06 380.16 - .02 .I646 

Series 5 

0.096291 389.02 389.52 -0.13 ... 
.I68284 388.62 388.88 - .07 . . . 
,286320 388.04 388.04 . 00 0.1666 
.465172 387.00 386.99 . 00 .I729 
.710642 385.76 385.71 -+ . O l  .I747 

1.02335 384.31 384.29 . 00 .I701 
1.52809 382.26 382.26 . 00 .l685 
2.10323 380.09 380.18 - .02 ,1648 

Series 6 

0.62349 384.97 386.14 -0.29 . . . 
1.73067 380.92 381.51 - .15 ... 
3.00736 376.58 377.03 - .ll 0.1562 
5.38453 370.33 370.65 - .08 .I630 
9.03267 362.15 362.28 - .03 .I669 

16.1179 349.42 349.28 + .03 .I698 
30.5179 330.18 329.66 $ .12 .I715 
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TABLE I1 (Concluded) 
Series 7 

A (obs.) A (calcd.) 

382.20 382.62 
376.77 377.15 
370.13 370.40 
360.79 360.91 
345.88 345.70 
325.85 324.72 
298.05 297.50 
244.36 245.22 

beyond this concentration, the small differences increase with concentra- 
tion. The maximum difference is 0.28%. The last column gives the 
values of K, calculated for each point. 

Kraus and Parker, usixg the Ostwald dilllticr, law for extrapolation, ob- 
tained A. = 389.55 and K = 0.0717; the present values are A. = 391.19 
and K = 0.1686. Onsagerbbtained A0 = 391.3 and K = 0.17, which are 
in substantial agreement with our values. On the scale used, the curve for 
iodic acid (I, Fig. 2) shows little structure beyond the fact that it is slightly 
concave toward the concentration axis. Considering the high ionization 
of the acid, the value of K as calculated for the different points is remark- 
ably constant; this is particularly true of Series 3 and 4. For c = 4 X 
N, y = 0.998, and here an error of 0.1% in A makes an error of 50% in 
(1 - y); K was therefore not calculated for the points in the most dilute 
region. The dissociation is too nearly complete to permit of accurate 
measurement of the undissociated fraction. 

Sodium bromate in liquid ammonia (Curve 11)16 is a relatively much 
weaker electrolyte than iodic acid in water and, as might be expected 
from our discussion in the preceding section, gives a steeper conductance 
curve, which has an inflection point near 0.0003 N. Due to the lower 
dielectric constant and viscosity of ammonia compared to water, the 
slope of the limiting tangent for ammonia (Curves I1 and V) is greater 
than for water (Curve I), but on a A - 4 2  plot, the observed points and the 
calculated curve lie below the limiting tangent even at  loF6 N, the lowest 
concentration measured. Our present values for the constants of sodium 
bromate are A0 = 286.2 and K = 0.002532. Kraus and Bray" obtained 
AO = 278 and K = 0.0023, based on the classical mass action equation. 
Davieswves A0 = 281 and K = 0.0073, using Onsager's approximate 
equation (9) for extrapolation. With dissociation constants as small as 

this simple parabolic equation may no longer be used (cf. (18)). 
The curve for potassium amide18 in liquid ammonia (V, Fig. 3) repre- 
(16) Paul 13. Bien, Thesis, Brown University, 1932. 
(17) Kraus and Bray, THIS JOURNAL, 36, 1337 (1913). These authors use the data of Franklin 

and Kraus, Am. Chem. J., 23, 277 (1900). The older data are in substantial agreement with the 
more recent values. 

(18) Franklin, Z. physik. Chem , 69, 290 (1909). 



sents a still weaker electrolyte. The shape of the curve recalls the curve for 
r in Fig. 2 and, indeed, mass action controls the gross change of equivalent 
conductance for this salt. The interionic correction term, nevertheless, 
remains appreciable a t  all concentrations in the experimental range. If 
this correction is omitted and the simple mass action law is used for ex- 
trapolation, the resulting values are A0 = 301 and K = 1.20 X 
given by Kraus and Bray. These diverge widely from our present values : 
A,, = 351.3 and K = 0.700 X lW4. On the other hand, for a salt of this 
type, extrapolation by means of the simple sqt;are root law is impossible, 
since the approach to the limiting slope a does not appear a t  accessible 
concentrations. 

Curve IV represents the conductance of tetraisoamylammonium nitrate1g 
in ethylene dichloride, a solvent with dielectric constant 10.4. The correc- 
tions due to interionic effects are greater in this solvent than in ammonia 
because of its smaller dielectric constant. 

The conductance of sodium iodide20 in amyl alcohol is shown by Curve 
TIT.  This solvent has a very high viscosity and a fairly low dielectric 
constant. The curve was not computed above the range of concentra- 
tion covered by the data. 

The examples described above cover a wide range of the various constants 
involved : dielectric constant 10.4-78.6 ; viscosity 0.038-0.00256 ; equiva- 
lent conductance 11.2-391; dissociation constant 0.00007-0.17. The 
agreement between calculated and observed values is in all cases satis- 
factory; we may therefore conclude that our assumptions are justified in 
the range of concentration considered, namely, up to ion concentrations 
of about 0.002 N. 

Attention is called to a group of electrolytes whose behavior is incompat- 
ible with the equations here used to describe the conductance of weak 
electrolytes. A large group of strong electrolytes in water (for example, 
hydrochloric acid, potassium hydroxide, potassium chloride, etc.) give 
conductance curves which approach the limiting tangent from above, while 
a mass action effect causes the curves to fall below the limiting tangent. 
Apparently, some effect is here coming into play, which either is not taken 
into account in our equations or has been excluded by our assumptions. 
This behavior, i. e., observed conductance greater than that calculated 
from our equations, is not limited to aqueous solutions, for most of the 
electrolytes which we have examined show positive deviations a t  higher 
concentrations (greater than about 0.01 N). In solvents of lower dielectric 
constant, the conductance curve generally exhibits a minimum. This 
increase of conductance with concentration at  higher concentrations may 
be analogous to the effect observed in water, which has a very high dielec- 
tric constant. 

(19) Kraus and Fuoss, THIS JOURNAL, 55, 21 (1933). 
(20) Kraus and Bishop. ibid . 44, 2206 (1922). 



Summary 
1. An exact method of solving the conductance equations for incom- 

pletely dissociated binary electrolytes is presented. 
2. A method is described for determining the limiting equivalent con- 

ductance and the dissociation constant. 
3. Five examples of application of the method are given, in which the 

constants of solvent and of electrolyte vary as widely as possible. Cal- 
culated and observed conductance values agree within the limit of experi- 
mental error up to ion concentrations of several thousandths normal. 
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The Reaction between Osmium Tetroxide and Hydrobromic 
Acid. I. Equilibrium Study 

BY H. DARWIN KIRSCHMAN AND WILLIAM R. CROWELL 

Introduction 
A study of the catalytic influence of ruthenium compounds on the de- 

composition of perchloric acid by hydrobromic acid recently made1 has 
led to  a similar investigation of the catalytic effect of osmium compounds 
on this reaction. This work is now under way. Since under certain 
conditions there is an appreciable action between the hydrobromic acid and 
octavalent osmium, i t  became necessary to study the latter effect sepa- 
rately. 

The products of the reaction were found to be bromine (largely in the 
form of tribromide ion) and some form of osmium in a lower valence state. 
Data obtained in an examination of the reaction rate indicated that a state 
of equilibrium was reached. I n  the present paper are presented the results 
of a study of this equilibrium, together with possible interpretations of the 
results and an attempt to derive an eiuilibrium constant a t  100°. 

Apparatus and Materials 
The apparatus used was that employed in the potentiometric determina- 

tion of bromine, octavalent and quadrivalent osmi~rn .~  The materials and 
their preparation have been described in the articles mentioned. In  the 
present work, however, the bromine solution was 1.00 N in hydrobromic 
acid since it was found that the stability of the solution was much greater 
than in one-tenth normal acid as previously used, the concentration of the 
bromine solution in the stronger acid remaining unchanged for a period of 

(1) Crowell, Yost and Carter, THIS JOURNAL, 61, 786 (1929). 
(2) (a) Crowell and Kirsehman, zbid., 61, 175 (1929); (b) 61, 1695 (1929); (c) Crowell, rbzd., 64. 

1324 (1932). 
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several weeks. The quadrivalent osmium solution was made 2.40 N in 
hydrobromic acid since this concentration was most convenient in the 
preparation of the reaction tubes. 

Experimental Procedure 

In  obtaining the experimental data the equilibrium was approached 
from both directions using different concentrations of the reacting con- 
stituents. From the direct side the initial reactants were octavalent 
osmium and hydrobromic acid in solutions of the tn7o alone and in solutioos 
of the two containing initially added amounts of bromine. From the 
reverse side the initial reactants were quadrivalent osmium and bromine in 
solutions of hydrobromic acid alone and in the acid solutions containing 
initially added amounts of potassium bromide. 

The method of filling the reaction tubes and analyzing their contents 
was essentially the same as that described in our previous ar t i~le .~ '  The 
various constituents were pipetted into Pyrex test-tubes, using such 
volumes as to secure the desired initial concentrations and a total volume 
of 10.0 cc. The tubes were sealed and heated in a water-bath at 100' for 
three or four days. At the end of that time the tubes were chilled in an 
ice-bath, broken in about 200 cc. of ice water and titrated with hydrazine 
sulfate solution. During the process of dilution and titration, the bromine 
was reduced to bromide and any 0.5, or O S ~  present was reduced to  Os4. 
Since i t  was impracticable to distinguish between the bromine and the 
reduced osmium in the hydrazine titration, it has been termed "total 
bromine titration." From the initial concentrations of osmium and 
bromine (in the cases where initial amounts were present) and from the 
results of the "total bromine titration" the concentrations of Oss and of 
reduced osmium can be calculated. In order to calculate the equilibrium 
concentration of bromine, i t  is necessary to know the valence state of the 
reduced osmium. The method of determining this is explained in the 
next section. 

In  Table I are recorded the data on the equilibrium experiments and the 
results of determinations of the "total bromine" in the reaction tubes. 
In columns 2, 3, 4 and 5 are shown the original concentrations of acid, 
bromine, octavalent and quadrivalent osmium in mols per liter a t  25'. 
In column 6 appears the concentration of "total bromine" in mols per liter 
a t  25O as determined by potentiometric titration with hydrazine sulfate. 
For each run these results represent the average value obtained in the 
titration of three or four tubes. The data in columns 3,4,5 and 6 enable us 
to calculate the equilibrium concentrations of bromine, octavalent and 
reduced osmium which are shown in columns 7, 8 and 9. The method of 
calculating these values will be explained in the next section in connection 
with the presentation of the proposed reactions. 
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The data indicated clearly that m was approximately 0.50. Similar 
treatment of runs 32 to 34 inclusive, in which the acid concentration was 
3.20 N, gave a like value for m. 

In order to determine the effect of the activity of the hydrobromic acid 
upon the equilibrium an attempt was made to estimate the values of the 
activities of the hydrobromic acid a t  the different concentrations used and 
to determine the approximate value of n in the expression 

The values of the mean ion activity coefficients of hydrobromic acid a t  
25' were estimated from the data of Bates and Kirschman3 and of Living- 

There was a considerable gap between the minimum values calcu- 
lated from the vapor pressure measurements of the former and those 
obtained from the electromotive force measurements of the latter. I n  
order to determine the coefficients in the working range of our experiments 

li i t  was necessary to plot the two sets of data and extend the curves until a 
single one was obtained. To convert the vapor pressure results into 
activity coefficients the free energy data of Lewis and Randall5 were used. 
The activity coefficients a t  100' (the temperature of the reaction tubes) 
were then calculated by the use of the heat data given in the "International 
Critical Tables.' j 6  

The solution of simultaneous equations containing different values for the 
activities of hydrobromic acid and different concentrations of octavalent 
osmium, reduced osmium and of bromine showed n, the power of the hydro- 
bromic acid activity, to  be about four. 

A reaction scheme which would require a value of one-half for m and 
approximately four for n seemed to be one of the following. 

(1) A single reaction of the type 
OsO4 + H f  + 5/2 Br- = Os(OH)OJ3r- + l/zBra- 

(2) A pair of reactions, the first of which is very rapid, producing a 
complex with a coijrdination number of eight and the second of which is the 
slower and equilibrium-determining step 

0 . ~ 0 4  + 7HBr = Os(0H)BrT + 3Hz0 
Os(OH)Br7 -+ H +  + 5/2 Br- = OsBr8- + '/2B13- + H 2 0  

In  accordance with these proposed reactions it is assumed that septi- 
valent osmium and tribromide ion are the products of the reduction of the 
octavalent osmium. The presence of septivalent osmium seems to  be the 
most reasonable assumption to make in order that the tribromide-ion 
concentration appear in the equilibrium expression to the one-half power. 

(3) Bates and Kirschman, THIS JOURNAL, 41, 1991 (1919). 
(4) Livingston, i b id . ,  48, 45 (1926). 
(5) Lewis and Randall, "Thermodynamics and Free Energy of Chemical Substances," McGraw- 

Hill Book Co., New York, Chapt. 36. 
(6) "International Critical Tables," Vol. V, p. 177. 
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In  preliminary calculations of equilibrium constants using different ex- 
ponents for the hydrogen and bromide ion activities, the best agreement 
was obtained when the combined exponent was 3.5 and that of the hydrogen 
ion was unity. Both in the cases where it was assumed that hydrogen ion 
had no part in the reaction and in those in which it was assumed that i t  
appeared as the second power, non-concordant constants were obtained. 
I n  order to satisfy these requirements the presence of Os(OH)Br7 and of 
OsBrs- are not necessarily the only forms that might be postulated in 
scheme (2). Such octavalent forms as those ranging in composition from 
Os03(OH)Br to Os(OH)Br7 and such septivalent forms as those ranging 
in composition from Os03(OH)Br- to OsBr8- might also be possible. 

0 10 20 30 40 
Concentration of bromine in millimoles per liter. 

Fig. 1. 

The results shown in columns 7,s and 9 of Table I were calculated under 
the assumption that the osmium in the equilibrium mixtures is reduced to 
a septivalent form and that during the titration with hydrazine sulfate3 is 
further reduced to a quadrivalent form with the liberation of three equiva- 
lents of bromine per mol of osmium reduced. Consequently a correction 
amounting to one and one-half times the molar concentration of the reduced 
osmium was deducted from the titrated value of the bromine (in column 6) 
in order to obtain the equilibrium concentration of the tribromide ion. 
I n  column 10 are the calculated values of KI using the equilibrium con- 
centrations of Os?, Os8 and of Br3- expressed in millimoles per liter at  2 5 O .  
It was noted that in the runs at  2.4 and 3.2 N in which the bromine and 
osmium concentrations were varied over a wide range, the constants 
seemed to depend upon the concentration of bromine present. Accord- 
ingly, the values of KI were plotted against bromine concentrations a t  
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equilibrium and the curves shown in Fig. 1 were obtained. It will be seen 
that a t  the lower bromine concentrations the constants are also lower, but 
with increasing concentration of bromine they increase and reach a con- 
stant value. The values corresponding to the horizontal portion of the 
curves were used in the final calculation of the equilibrium constants. In  
the runs a t  other acid concentrations the average values for the constant 
KI were used. 

If the activity coefficient of the osmium tetxoxide is assumed to  be unity 
and that of the septivalent osmium and the tribromide ion assumed to  be 
equal to the mean ion activity coefficient of the hydrobromic acid, we may 
write for the equilibrium constant in either of the above cases 

(Os,-)(Br3-)'/: r + ' / y  = = KI X g-a.5 
(Os,)(H +)(Br-)5/2 (Hf)(Br-)6/* yi2 

where Os7-, Br3-, Os8, Hf and Br- represent the concentrations of these 
substances in mols per thousand grams of water, g the number of grams of 
water per liter of solution a t  25O, y, the mean ion activity coefficient of the 
hydrobromic acid a t  100°, and K the equilibrium constant a t  100° when 
the concentrations of all the constituents are expres8ed in mols per thou- 
sand grams of water. 

In Table I1 are given the average values of the equilibrium constants as 
calculated according to the above expression. The results for experiments 
in which potassium bromide and hydrobromic acid were used are shown in 
runs 3741, inclusive. As the literature does not contain data on the 
activity coefficients of hydrobromic acid in solutions of potassium bromide 
a t  the concentrations used in our work, these values a t  25O were estimated 
by use of the results of Harned7 on the activity coefficients of hydrochloric 

Concentration in mols per 
1000 g. of water Log r * ~  

Runs HBr KBr KI &' at  100° K X 106 

1 0.825 0.0450 977 2.7390 5 . 2  
2 1.24 0.192 967 2.8143 4 . 5  
3- 6 incl 1.66 0.780 958 2 9544 4 8 
8-13 incl. 2.10 1.20 954 3.0443 2 . 6  

14-27 incl. 2 .55 5.30" 945 3.1917 4 . 2  
28-34 incl. 3.50 31.0" 916 3 5343 3 . 7  

Average of all HBr runs except 8-13 4 5 
37 1.26 0 84 0 846 952 2.7677 5 8 
38 1.70 0.85 1 30 940 2.8151 3 . 7  
39 2.14 0.86 1.87 934 2.8572 2 . 6  
40 2.62 0.88 3.96 915 2.. 8471 3 . 1  
41 1.75 1.75 5.96 915 2.9280 5 . 8  

" These values were taken from the curves of Fig. 1. The remaining values are 
averages. 

(7) Harned, THIS JOUIINAL, 48, 429 (1926) 
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acid in solutions of potassium chloride. The coacients a t  100° were 
calculated by use of the conversion factors employed in the salt-free hydro- 
bromic acid runs. The density-percentage composition data required to 
convert mols per liter into moles per 1000 g. of water were obtained from 
the "International Critical TablesH8 

Since in the absence of direct data on the activity coefficients of the 
constituents involved it has been necessary to make certain assumptions 
concerning these coefficients in the calculation of the equilibrium constants ; 
no doubt the latter will be modified to some extent when these data are 
obtained. The agreement of our results among themselves in most cases is 
surprising. In a qualitative way, a t  least, they indicate that a t  low 
concentrations of acid and of osmium and a t  high tribromide concentrations 
the tendency is for the osmium to be reduced to the septivalent form. 
At higher acidities and lower tribromide conce~trations it is pcssible that 
other lower valence forms of osmium, such as sexivalent and quadrivalent 
compounds, are also present. Due to the instability of the osmium com- 
pounds present in the equilibrium mixture, we have not yet been able to 
isolate them in the original state. It might be recalled in this connection 
that in the potentiometric titration of octavalent osmium with titanous 
chloride in hydrobromic acid solutions a double inflection in the curve was 
obtained when the determination was made at  25' (Ref. 2a, p. 1697). 
This behavior was not explained a t  the time but it might be due to the 
presence of septivalent osmium whose reduction potential might be very 
near that of octavalent osmium but whose rate of reduction might be 
somewhat slower. 

The color changes of the solutions do not afford much help in the inter- 
pretation of results, although at  the lower acid concentrations the shade is 
more toward a brownish-red, while in the more concentrated acid solutions 
the color is a deeper red. Quadrivalent osmium formed in concentrated 
hydrobrornic acid solutions produces crimson colored solutions and it may 
be that the deep red color of the equilibrium mixture a t  the higher acidities 
is due to the presence of small amounts of the quadrivalent form. 

The results of the experiments in which hydrogen bromide and potassium 
bromide were used show clearly that the hydrogen and bromide ions each 
have their separate effects upon the eql~ilibrium. Because the method of 
estimating the activity coefficients in these runs involved greater approxi- 
mations than in the runs in which potassium bromide was absent, the 
individual equilibrium constants were not considered in obtaining the 
final average value. The agreement with the other values, however, is 
probably as good as could be expected. 

In the experiments with 2.00 N hydrobromic acid the constants are much 
lower than in the runs at  lower acidities but are of the same order of magni- 

(8) "International Critical Tables," Vol. 111, pp. 55 and 87. 
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tude as those for 1.60, 2.40 and 3.20 N acid at  low tribromide concentra- 
tions. This is probably due to the low concentrations of tribromide in all 
the runs at  2.00 N acid and to the tendency to form lower valence com- 
pounds of osmium a t  this acid concentration. For these reasons, this 
constant was also omitted in the calculation of an average value. Using 
4.5 X for the constant, calculations of the ratios of concentrations of 
octavalent to septivalent osmium in solutions 0.10 and 8.0 N in hydro- 
bromic acid containing equivalent amounts of tribromide ion are in agree- 
ment with previous statementszc that the conversion of octavalent into 
reduced osmium in 8.0 nonnal acid is practically complete and that  the 
reverse reaction is likewise practically complete in 0.1 normal acid. 

In conclusion, we take this opportunity to thank Dr. Don M. Yost for the 
very many helpful suggestions made during the course of this work. 

Summary 

A study of the equilibrium involved when octavalent osmium reacts with 
hydrobromic acid in a closed tube at  100' with the formation of bromine 
and lower oxidation states of osmium has been made. The results indicate 
that a t  low concentrations of osmium and of acid and high bromine con- 
centrations the osmium was reduced to the septivalent form. 

The mass action expression was found to have the form 

where y, represents the mean ion activity coefficient of the hydrobromic 
acid; and on the basis of this expression two possible types of reactions 
were suggested. 

The average value for the equilibrium constant K when the concentra- 
tions are expressed in moles per 1000 grams of water is 4.5 X 

Los ANGELES, CALIFORNIA RECEIVED JULY 25, 1932 
PUBLISHED FEBRUARY 9,1933 
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The Effect of Crystal Symmetry and Chemical Composition on 
the Energy Levels of Solids 

In the past few years energy level diagrams have been constructed for 
most of the gaseous atoms and the more simple gaseous molecules and 
many relations have been established between the physical and chemical 
properties of the substances investigated and their energy levels. 

As a large part of chemistry deals with solids and solutions it would be 
very desirable to extend these relations so as to apply to them. Unfor- 
tunately, however, very little at present is known about energy levels in 
solids. 

So far the two most promising methods of attack on this problem have 
been by means of the double crystal x-ray spectrograph and the Rarnan 
effect. Both these methods have serious disadvantages. The former 
deals with spectra in the x-ray region where the energies involved are very 
large and differences due to chemical causes are hard to measure with any 
great accuracy as they are only a small percentage of the total energies con- 
cerned. In the part of the spectrum ordinarily investigated 15,000 calories 
correspond to a shift of only 0.1 to 0.01 x-units or about 0.0001 to 0.00001 
of the total energies involved. On the other hand, while the Raman effect 
is free from this objection, it gives only a few lines at  most and an energy 
level diagram without additional help is out of the question. 

Another method of investigation2 which gives great promise but which 
so far has not produced many quantitative results is the study of the ab- 
sorption spectra of solids and solutions or glasses particularly a t  low tem- 
peratures. This method is free from the objections raised but unfor- 
tunately most of the lines arising from the energy levels are blurred into 
broad diffuse bands in most of the solids and solutions investigated due to 
the temperature agitation. The energy levels are non-degenerate due 
to the electric fields of the neighboring atoms or ions and the amount 
these levels are split apart depends on the strength of the fields, which at  
room temperatures are fluctuating very rapidly as the nearby atoms ap- 
proach and recede from the atoms in question. Since the photographic 
plate indicates the differences between sets of levels over an interval of 
time the net effect is the blurred bands observed. 

It is probably true also that many of the higher excited states in the 
free atom tend to become unstable upon the close approach of another atom 

(1) National Research Fellow in Chemistry. 
(2) This subject has received a great deal of attention but usually with the emphasis on other 

phases than the energy levels. A few investigators who have done considerable work in the field are 
J. Becquerel, Lezden Communications; R. Brunetti, I1 Nuovo Czmento; P.F Ephrain, Berichle; Jones 
and Strong, Carnegie Pub.; Freed and Spedding, Physical Review 
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and an electron which ordinarily would jump to a well-defined level giving 
rise to a sharp line will move into the unstable region and a continuum will 
result. This is not true for all states so by cooling the solids or glasses to  
very low temperatures it is possible to resolve into sharp lines the bands 
from a large number of compounds. 

The absorption spectra ~f the rare earths offer the most encouraging 
points of attack upon the problem of the energy levels of solids. The reason 
for this becomes evident upon examination of their electronic structures. 

It is seen that the "activeH3 electrons are in the 4f shell and that  they 
are partially shielded from the effects of the neighboring atoms by the 
completed 5s and 5p shells. These electrons, then, are not nearly so much 
disturbed as are the active electrons in iron or chromium, where they are 
not so shielded. 

One might expect that the energy levels in a solid would be intermediate 
in type between those of a gaseous atom and those of a gaseous molecule. 
To a first approximation, in a gaseous atom the electric field is spherically 
symmetrical about the nucleus. In a diatomic molecule it is cylindrically 
symmetrical around the line joining the nuclei. In a polyatomic molecule 
the symmetry varies widely, but it is apt to be very IOW.*~~ 

Because of the regularity of the crystal lattice the electric symmetry in a 
solid is probably higher and in the case of the cubic lattice the levels are 
much more likely to be similar to atomic than molecular levels. It is to be 
expected that the fields are of various strengths, some of which make the 
atomic levels non-degenerate as would weak Stark fields, while others destroy 
the coupling between the electrons and correspond to strong Stark fields.6 

The basic levels of the rare earths are atomic, for Hund7 has shown that  
the measured magnetic susceptibilities of the rare earth ions in the solid 
state are those to be anticipated if the lowest levels in the solid and the gas 

(3) An "active" electron is one which is excited by the light absorbed. The electrons in the 
completed shells are firmly coupled to  give a I S  term in which the resultant orbital and spin moments 
are zero. A considerable amount of energy is required to break this coupling 

(4) The effect of the electric fields is to make the atomic levels non-degenerate, just as an ex- 
ternally applied electric field produces Stark splitting. When the field is weak it couples with the j of 
an atomic term, thus splitting the level into a number of components. When i t  becomes strong i t  
breaks down the coupling between spin and orbital moments themselves. In  fields of the higher de- 
grees of symmetry there is partial balancing of forces which tends to diminish the splitting. 

(5) Robert S. Mulliken gives an excellent account of this effect in his "Interpretation of Band 
Spectra," Rm. Modern Phys., 4, 1 (1932). 

(6) This effect has been discussed by H Bethe, Ann. Physik, 3, 133 (1929), from the standpoint of 
wave mechanics and group theory. 

(7) Hnnd, Z Physik, 33, 855 (1926) 
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are the same. The rare earths offer the further advantage that they give 
an unusually large number of lines in the photographic region of the spec- 
trum. This is probably due to the fact that while the orbits just outside 
the completed shells are greatly influenced by the neighboring atoms, they 
are less influenced than those orbits further out, and electronic states aris- 
ing from them will have more of their levels potentially stable. Thus in 
the rare earths electronic transitions occur to levels which in other atoms 
would correspond to the basic  level^.^ 

It is possible also that in strong electric fields of the crystal quadripole 
radiation may be permitted and jumps take place by a recoupling of the 
4f electrons. 

This is the first of a series of papers on a systematic investigation of the 
energy levels of solids and gives in detail the results reported briefly in a 
letter to the Physical Revim of December 15, 1931. 

Experimental 

Gadolinium salts are the most desirable for this sort of work. Gdf++ ion gives 
sharp lines a t  room temperature; it shows the simplest absorption spectra of all the rare 
earth ions, its lines and multiplets being well separated from one another, and its basic 
level 'Sr/l is known to be single. Its chief disadvantage is that most of its lines occur in 
the ultraviolet. The gadolinium material used was from two sources. One, of almost 
atomic weight purity, was furnished us by Professor B. S. Hopkins of the University of 
Illinois The other was from the Welsbach Company and contained about 1% Tb 
and 0.5% Sm. 

Crystallographic measurements were made for us by Professor Adolph Pabst of the 
Mineralogy Department of the University of California and we wish to express our 
thanks for this assistance. 

GdCls.6Hz0.-The spectrum of gadolinium chloride has been reported elsewhere.' 
The crystals belong to the normal class of the monoclinic system,1° although Benedicksn 
has classified them as tetragonal. The constants are a:  b: c = 1.4725: 1: 1.2185; 0 = 

86 O 20'. The frequencies of the lines of seven of the most intense multiplets are given in 
Table I. Spectra from crystals prepared from both sources of gadolinium were photo- 
graphed and the positions of the lines were found to be identical. 

GdBrr6HzO.-The spectrum of this compound has also been described elsewhere.12 
The crystals are of the normal class of the monoclinic system. They have a notably 

(8) Freed [Phys. Reu., 38,2122 (1931)] photographed the spectra of Ce ' + +  compounds and found 
only broad, diffuse bands in the ultraviolet. He reasoned that as CeC'+ ion has only one 4f electron 
it must jump to the outside orbits in giving rise to these bands, and as they are diffuse all such jumps 
must be of this type. He attributed them to a 4f-5d jump. This, however, does not seem reasonable, 
for as Gibbs and White [Phys. Rev., 33, 157 (1929) I have shown, if one plots the known gaseous energy 
levels of the isoelectric sequence Cs I, Ba 11, La 111 and Ce IV, the curves are lines of small curvature 
which cross, and while the 6s orbit is lowest in Cs I, the 5d is probably so in Ce IV. From magnetic 
researches in solids it is known that for La I11 the 5d level is lowest, while for Ce I V  (Ce+++) it is the 
4f. Between these two elements the curves must cross and unless they do so at a steep angle, 
which is not known to occur in any other case, the 4f-5d jump should be found in the far infra-red. 
The diffuse bands in the ultraviolet are probably due to electronic jumps to higher orbits which are 
slightly unstable. 

(9) Freed and Spedding. Phys. Rev., 34, 945 (1929). 
(10) Adolf Pabst, Am. J .  Sci., 22, 426 (1931). 
(11) Benedicks, Z. anorg. Chem., 22, 403 (1900). 
(12) Freed and Spedding, THIS JOURNAL, 52, 3747 (1930) 



different habit from the chloride crystals, but the axial ratios for the two are almost 
identical.1° Because of its extreme deliquescence, only rough measurements were made. 

G~~(SO~)~.SH.LO.-O~ account of its small solubility, no large crystals were grown. 
Instead we have used conglomerates of small crystals fixed to quartz plates by means of a 
lacquer of pyroxylin dissolved in amyl acetate. The crystals are monoclinic, and al- 
though we have made no accurate measurements to confirm them, the data given in 
Groth, "Chemische Krystallographie" certainly cannot be far froni correct. By a re- 
orientation of Gd2(S04)3 8H20 crystals so that 101 becomes 001, 111 becomes 011 and 
100 becomes 101, the new axial elements 83 0261/sf a :  b: c  1.4250: 1 : 1.2224, may be 
obtained. 

n : h : c  = 3.0086:1:20068 P = 118'2' 

Gd(C2H5S04)3.9H~0.-The salt was prepared by double decomposition between 
equivalent quantities of barium ethyl sulfate and gadolinium sulfate and was twice 
crystallized from solution in conductivity water. The crystals are hexagonal, showing 
the forms (I 0 0) (1 1 2 0) (1 0 1) and (1 1 2  1). They probably belong to  the 
normal class. The ratio c:a was found to be 0.5075, although Benedicks has stated that  
i t  is 0.5014. 

Fig. 1. 

Gd(BrOa)3.9H20.-A very dilute solution of Gdz(S04)r8Ht0 was added with 
vigorous stimng to an aqueous suspension of Ba(BrOs)z.HaO. The mixture was kept 
on a steam-bath for several hours and then filtered. Gd(Br03)3.9Hz0 crystallized from 
the filtrate was obtained as large crystals on slow evaporation of a solution in conduc- 
tivity water. The crystals belong to the hexagonal system, and probably to  the normal 
class, although the possibility of pseudo-symmetry exists. Since the bromate ion begins 
to absorb near 3000 A., only two muitiplets were observed. 

Gd(NO8)3.6H~O.-Gd203 prepared from the oxalate was dissolved in 3 N nitric 
acid and the excess acid removed by boiling. The salt was crystallized from a conduc- 
tivity water solution. The crystals are triclinic with a :  b:c = 0.5571: 1: 0.7615; a = 
90°6', 8 = 109O55'; y = 109O48'. 

A Hilger E 185 spectrograph was used in all the work. The dispersion in the 
photogr$phs of the br~rnate,~bromide and chloride was about 3.0 A. per mm. a t  3000 A. 
and 2.0 A. per mm. a t  2700 A. The spectra of the sulfate and ethyl sulfate were photo- 
graphed with an tdditional pfism in the train and the dispersion was increased to 1.95 A. 
per mm. a t  3000 A. and 1.35 A. per mm. a t  2700 A. 

Discussion of Results 
In a previous letter13 experimental evidence was presented which showed 

(13) Spedding, Phys. Rev., 88, 2080 (1931). 
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POSITIONS OF THE ABSORPTION LINES 
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that all the lines arise from a single basic level, 8S1/2, which is almost undis- 
turbed by the crystal fields.lS For this reason the positions of the lines 
and multiplets constitute effectively an energy level diagram of the excited 
levels. From Table I i t  is seen that the negative radicals have very little 
effect on the number and position of the multiplets which must therefore 
arise from electronic transitions of the Gd+++ ion. On the other hand, the 
number of lines and their positions within the multiplets are very much 
dependent on the nature of the chemical compound and evidently have 
their origin in the forces brought into play by the atoms surrounding the 
Gd+++. The important factor in determining the splitting of the multiplet 
or excited level seems to be the crystal symmetry and not the negative 
radical, except in so far as the negative radical influences the crystal 
structure. The spectrum of the monoclinic Gd2(SO4)3.8H20 is almost 
identical with that of the monoclinic GdCls-GHzO, but very different from 
the hexagonal Gd(C2HsS04)3.9Hz0. 

TABLE I11 
SHIFTS OF THE POSITIONS OF THE CENTERS OF THE MULTIPLETS FROM THOSE 

OF GdCl8.6H~O AT ROOM TEMPERATURE 

Hexagonal Monoclinic Triclinic 
GdCla- 

Gd(CtH6SO4)s.SHzO GdBrr6HrO Gdz(SO4)t.- 6&O Gd(N0a)v- 
Av (cm.-1) Gd(Br0a)rSHzO Au (cm -1) 8H10 Au(cm.-1) 6&O- 

Liquid Av (cm.-1) 1,lquid Dv (cm.-1) Liquid Av (cm. 1) 
Room nitrogen Room Room nitrogen Room nitrogen Room 

M~~ltiplet temp. temp. temp. temp. temp. temp. temp. temp. 

3110.4. +48.4 f41 .5  +38.0 - 2.4 - 7.9 . . . . - 1.4  - 9.7 
3050A. +52.5 +46.8 +38.1 - 3.5 - 8.8 .... - 2.0  . .. 
27908. +57.2 +49.2 . . . . - 0.8 - 6.2 f10 .7  -3.5 ... 
2765A. +59.1 $51.4 . . . . - 0.8  - 8.3 f13 .1  - 5.4 ... 
2755K. 4-53.5 +47.2 . . . . - 3.2 . . . +11.5 - 4.1  . . . 
2740A. +56.2 $51.0 . . . . - 2.8 - 7.7 +10.5 - 2 .3  . . . 
2730.4. +56.8 +48.9 . . . . - 0.7 - 7.2  +10.7 - 9.9  . . . 

The symmetry and separation of the ions in the lattice determine the 
magnitudes and directions of the fields on the electrons of the Gd+++ ion 
and thus the aniount and type of splitting of the levels. The lines are so 
slightly affected by the mass of the negative ions that it is unreasonable to 
assign their origin to vibrational effects. 

While we do not wish to generalize widely from so few examples we shall 
nevertheless call attention to some of the regularities we have observed in 
the data. The spectra of the monoclinic crystals are similar, with the lines 
appearing at nearly the same frequencies in the several cases. The shift 
in position of the lines between room temperature and that of liquid nitro- 
gen is almost as great as the shift in position of lines from compound to 
compound. 

(15) The basic % level is only very slightly affected by the electric fields since its orbital moment 
is zero. As Kramers has pointed out, there should be small splitting due to second-order terms, and 
that this exists is clearly shown by the Zeeman patterns. In the accompanying pictures made at raom 
temperature it can he ohserved only as a slight widening of the lines. 



On the other hand, the spectra of the hexagonal crystals are distinctly 
different from those of the monoclinic, the multiplets being much narrower 
and shifted toward higher frequencies (Table 111). The spacings are also 
different and in some cases fewer lines are observed.16 Since only one band 
from a triclinic crystal has been measured, no conclusions can be drawn, 
but preliminary observations on gadolinium acetate, which is triclinic, indi- 
cate that its spectrum is different from that of both the hexagonal and 
monoclinic types. 

These results are in qualitative agreement with predictions made by 
Bethe6 on theoretical grounds. Quantitative results, however, are not to 
be expected as he made many simplifying assumptions which do not apply 
here. 

Summary 
Absorption spectra of gadolinium inn in crystals consist of !ices which 

arise from electronic transitions from a single basic level 4f7, 'S7/2, to excited 
levels which are non-degenerate through the influence of the electric fields of 
the neighboring ions. The amount and nature of the splitting depend - - 

upon the symmetry and separation of the ions in the lattice with higher 
symmetry corresponding to smaller separations of the levels. 

We are continuing this work, extending the number of compounds in 
each crystal system and including anhydrous as well as hydrated com- 
pounds. 

(16) While hexagonal crystallographic symmetry does not necessarily mean that there is hexagonal 
symmetry about the gadolinium ion, it is likely that the symmetry in the hexagonal crystals is much 
higher than that in the monoclinic. 

BERKELEY, CALIFORNIA RECENED JULY 29, 1932 
PUBLISHED FEBRUARY 9, 1933 

[CONTRIBUTION FROM THE PITTSBURGH EXPERIMENT STATION, U. S. BUREAU OF MINES, 
AND THE COBB CHEMICAL LABORATORY, UNNERSITY OF VIRGINIA] 

The Recording of Pressure and Time in Gas Explosions1 

BY BERNARD LEWIS:! AND GUENTHER VON EL BE^ 

Numerous investigations have been made of the increase in pressure 
during gas explosions in closed vessels. Generally, the instrument for 
indicating the pressure has been a thin metal diaphragm whose deflection 
is measured by a suitable optical arrangement. These diaphragms are, 
on the whole, very satisfactory for following rapid pressure changes. As 
they have been used, however, they possess a t  least two serious disad- 
vantages. First, the tension of the diaphragm is dependent on the strength 
with which it is clamped into position. This clamping strength may be 

(1) Published by permission of the Director, U. S. Bureau of Mines. (Not subject to copyright.) 
(2) Physical Chemist, U. S. Bureau of Mines, Pittsburgh Experiment Station, Pittsburgh, Pa 
(3) Research Associate, University of Virginia. 
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altered during explosions and so vitiate the calibration of the diaphragm. 
Second, these diaphragms usually possess apparent hysteresis, which, 
we believe, is to be attributed not so much to the diaphragm itself as to the 
inelastic clamping gaskets commonly used. 

We have developed a diaphragm indicator which effectively overcomes 
these difficulties and which has been used successfully for the recording of 
ozone explosions from which the specific heat of oxygen has been ~b ta ined .~  
This diaphragm and a method of dynamic calibration, together with several 
other features, will be described in this paper. ' 

A sketch of the diaphragm clamped into the opening of the bomb is 
given in Fig, 1 and Fig. la. 

Fig. 1. Fig. la. 

A large cylinder of high-grade nickel steel is worked on the lathe to the shape given 
in the figure. The diaphragm itself forms the bottom of the piece and has a seat left 
in its center into which the piece carrying the mirror can be screwed rigidly by means of 
a conical thread. This piece consists of a thin rod of spring steel in which two necks 
have been cut to allow flexibility. Over the end of the central piece is fitted a thin ring 
which is kept rigid by means of a small nut. The ring is a part of a heavy piece of the 
same spring steel which is firmly dovetailed into the heavy wall of the diaphragm piece 
Immediately adjacent to the ring and part of the same piece, another flexible neck is cut 
The mirror, which is screwed into the top of the central piece by means of a conical 
thread, is concave and made of high-grade stainless steel. I t  was ground very accu- 
rately to a focal length of 1.5 meters by the astronomical instrument makers, John A. 
Brashear Co., Pittsburgh. Assembled, the whole mechanism was rigid as though made 
of one piece. When pressure is exerted on the back face of the diaphragm the center 
piece tends to move out and is forced to deflect to the right by reason of the necks. The 
mirror therefore moves about a circle with a radius of 4 mm., the distance between the 
center of the central rod and the center of the adjacent neck. The magnification of this 
system for a distance of 1 5 meters between the mirror and the film is about 1000. Thus 
only very small deflections of the diaphragm itself need take place for reasonable move- 
ments of the light point on the film This has an obvious and important advantage, 
since the diaphragm can be made relatively thick and so possess a high natural frequency 
which is desirable in explosion experiments. 

The whole piece was damped rigidly into the opening of the bomb by bolts and a 
flange as shown in the figure. The strain was applied to the rim of the piece, leaving the 
diaphragm proper perfectly free. I t  was impossible for it to change its position as a re- 
sult of explosions. 

(4) Lewis and von Elbe, THIS JOURNAL, 55, 511 (1933). 
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Calibration of Diaphragm.-Calibrations were made in two ways, dynamically 
and statically. In the dynamic method the pressure was applied to the diaphragm in a 
time interval of about 0.01 second, which was about the same order as the time during 
which the pressures were released in explosions under investigation. The results showed 
that with this type of diaphragm there was no difference between the two methods of 
calibration. This strongly indicates that hysteresis effects are negligible for the de- 
flections employed. 

For the dynamic calibration, the device shown in Fig. 2 was used. It was fitted into 
the bomb through a hole directly opposite the hole carrying the diaphragm. The dis- 
tance between the end face of the calibration cylinder and the face of the diaphragm was 
about '/le inch. It is essential for correct results that no part of the diaphragm piece be 
touched by the calibration cylinder. The space between was sealed from the rest of the 
bomb space by means of a rubber gasket. The cylinder was filled with hydrogen gas at  
a known pressure, which was suddenly released onto the diaphragm by quickly turning a 
quadruple screw which opened a needle valve. A large accurately calibrated gage of the 
Bourdon type was in the system all the time. The time during which the total pressurc 
was released on the diaphragm depended on the gas used and not on the above manipula- 
tions. This was made clear by calibrations with carbon dioxide gas, which showed con- 
clusively that the time required to reach the final pressure in the calibration was a func- 
tion of the viscosity of the gas used. The line on the film representing the pressure in- 
creaqe coincided with the final pressure line on the film for both carbon dioxide and hy- 
drogen in a time of the order of 0.01 second from the commencement of pressure increase 

Fig. 2. 

The calibration cylinder is easily removed and replaced whenever it is desired to 
make a new calibration. I t  may be stated, however, that the diaphragm described 
above showed the same calibration after it was removed from the bomb and replaced 
again on several occasions. 

Recording on the Film of Instant of Passage of Explosion Spark.-Since it was de- 
sired to make time-pressure analyses of the explosions taking place in the bomb,& a 
device was used which essentially is not new but which deserves description. An 
auxiliary spark was placed at  the focus of a parabolic mirror which was built into the 
housing covering the rotating film. This spark was in series with the main spark a t  the 
center of the bomb. By means of a slit the auxiliary spark made a sharp narrow line 
on the film a t  right angles to its movement. Both sparks passed when contact was 
broken by a switch operating with the moving shaft. The procedure was to hold the 
film stationary and to record the fine light point from a carbon arc and the line from the 
auxiliary spark on the film. (The bomb spark was disconnected during this operation.) 
The film was now allowed to rotate at  a constant speed and both sparks allowed to pass. 
The original distance between the auxiliary spark line and the light point made when 

(5) Lewis and von Elbe, in preparation. 



Feb., 1933 THERMAL EQUILIBRIUM BETWEEN OXYGEN MOLECULES AND ATOMS 507 

the film was stationary, measured back from the new auxiliary spark line made with 
film in motion, located the point on the film at which the light point was when the spark 
passed in the bomb. 

Summary 

A diaphragm indicator for measuring the pressures developed in explo- 
sions is described. Its essential advantages are sensitivity, freedom from 
hysteresis for the deflections employed, and constancy. A method of 
calibrating dynamically, without removing the diaphragm from the 
explosion chamber, is described in which pressures are released against the 
diaphragm in a time interval of the same order as in explosians. It is 
shown that for this type of diaphragm the observed deflections for a given 
range of pressures investigated are the same for dynamic as for static 
calibration. 

PITTSBURGH, PENNSYLVANIA RECEIVED AUGUST 4,1932 
PUBLISHED FEBRUARY 9, 1933 

[~QNTRIR~ITION FROM THE PITTSBURGH EXPERIMENT STATION, U. S. BUREAU OF MINES, 
AND THE COBB CHEMICAL LABORATORY, UNIVERSITY OF VIRGINIA] 

Thermal Equilibrium between Oxygen Molecules and Atoms1 

BY GUENTHER VON EL BE^ AND BERNARD LEWIS~ 

During the course of experiments carried out at the Pittsburgh Experi- 
ment Station of the U. S. Bureau of Mines on the direct determination of 
the specific heat of oxygen at high temperatures by exploding mixtures of 
ozone and ~xygen ,~  it was necessary to know the degree of dissociation in 
order to obtain accurate values of the specific heats. Since this informa- 
tion is not available in the literature, we have set up an equation for the 
equilibrium constant of the reaction 2 0  02 expressed as 

[Pat. l2 KP = - 
Pmol. 

One commences with the well-known fundamental thermodynamic 
equation 

AF = AH - T A S  

For the condition of equilibrium between atoms and molecules of oxygen 
A F  = 0, and therefore 

0 = ( A H I T )  - AS (3 ) 

The entropy per mole of each participant in the reaction is given by 

where C*, is the constant part of the specific heat a t  the temperature T, 
(1) Published by permission of the Director, U. S. Bureau of Mines. (Not subject to copyright.) 
(2) Research associate, University of Virginia. 
(3) Physical chemist, U. S. Bureau of Mines, Pittsburgh Experiment Station, Pittsburgh, Pa. 
(4) Lewis and von Elbe, THIS JOTTRNAL, 65, 511 (1933). 



i. e., due to translation and rotation; Cvih. is the specific heat due to vibra- 
tions of the molecule, p is the partial pressure of each constituent a t  equi- 
librium, i is the chemical constant of each constituent. 

Equation 4 includes the Sackur equation for translational entropy and 
also the rotational entropy for the case that rotation is fully excited. This 
may be shown by comparison with the statistical formulas 
St,,,. = 5/2R In T - R In P + a/tR In m + R In I(2n)%kg/*/h3] + R In g + 6/2R (3a) 

h2 
SrOt. = 2/2R In T - R In (symmetry number) - R In - + 2 / ~ R  (3b)  8ir31k 

Adding 3a and 3b results in equation 3, less the vibrational part, viz. 
St,,,,.+,t. = ?jzR In T - R In p + Ri + 7/2R ( 3 4  

Giauque and Johnston5 have calculated the entropy of molecular oxygen 
from O°K. to 39S°K. which includes (Stran, + ,,,. + vib. + imol.) where 
imoL is the chemical constant of the oxygen molecule. Tneir value for this 
a t  one atmosphere pressure is 49.03 entropy units which we shall employ. 
Equation 3 transforms to 

AH 
0 = - - [2Sat. - (Smoi.lz8 + 49.03) 1 T ( 5 )  

where Sa, represents the entropy of the oxygen atom and ~ ~ ~ ~ . 1 2 ~  is the 
part of the entropy of the oxygen molecule between 298OK. and T°K. 
This expands to 

Substituting for the entropy, equation 4, one obtains 

298 
The expression J (Cvib./T) dT  is negligibly small. Transposing, divid- 

ing by R and changing to logs to the base 10 
A H 0  3.5 log &.LC = - 2,3 - RT + F~ + 5 log T + 2iat - 3.5 log T + 3.5 log 298 - 

Pmo~. 

AH0 is the heat of dissociation at  absolute zero which is equal to 117,300 
calories per mole.6 This value is for dissociation from the state of the 

( 5 )  Giauque and Johnston, Tars JOURNAL, 61, 2300 (1929). 
(6) Paschen, Naturwissenschaften, 84, 752 (1930): Sommer, ib id . ,  34, 752 (1930): Frerichs, Phys. 

Rev.. 36, 398 (1930). 
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oxygen molecule to the 3P2 state of the atom (see below). The expression 
T 

(Cvib./T) dT can be evaluated by Einstein functions ( F  - Fo)/Te7 
There is practically no difference between the values so derived and the 
values derived from the spectroscopic vibrational-rotational levels of the 
molecule. This is known by a comparison of such cal~ulations.~ This 
also makes it unnecessary to account for the change of the moment of 
inertia I in imOl. for higher rotatiorial levels (compare equation 3b). Using 
the value of 1556.4 an.-' for the separation of the first vibrational level of 
the oxygen molecules we obtain 

from which (F - Fo)/T can be evaluated. ia t , /2 .3  is expressed by the 
well-known equation

g 

*at. 

2.3 = 
-1.587 + 1.5log M + logg (9) 

where M is the atomic weight of the oxygen atom and g is the statistical 
weight of the atomic state. 

The value of g is derived in the following way. The ground level of the 
oxygen atom is a triplet state in which the three terms 3P2, 3 P ~  and 3Po 
are separated by small energy differences: 3P2 - 3P1 = 447 calories, 
3P2 - 3P0 = 635 calories. The multiplicity of the separate terms can be 
obtained from measurements of magnetic susceptibility made by Kurt and 
Phipps.lo They find a multiplicity of 5 for the 3Pz term, 3 for 3P1 and 1 
for 3Po. 

The statistical weight g of the atomic state is given by the sum of the 
products of the multiplicity of the terms 3Pz, 3 P ~  and "0 and the proba- 
bility of the atoms being in each of these states, referred to the lowest state 
3P2. Then 

= 5 + 3e-447/RT + @36/RT (10) 

The complete equation for log K, is 
117300 log K, = - mT + 1.51og T - ( l /gF/T;  $v/T = 2229/T) 

4.571 
-0.104 f 

However, equation 11  must be revised by the addition of another term 
relating to the oxygen molecule, for the following reasons. 

In our experimental determination of the specific heat of oxygen up to 
2500°K., the results show that the experimental values of the specific heats 
are always higher than those calculated from the vibrational-rotational 
levels of the normal state of the molecule4 in the temperature range investi- 

(7) Landolt and Bornstein, Supplementary Vol. 1, p. 702. 
(8) Mecke and Bdumann, Z. Physik, 78,139 (19311, Babcock and Hoge, Phys. Rev ,89, 650 (1932) 
(9) See, for example, A. Eucken, "Lehrbuch der chemischen Physik," Leipzig, 1930, pp. 246- 

247, or the constant part of equation 3a above. 
(10) Kurt and Phipps. Phys. Reu., 84, 1357 (1929). 
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gated. The difference becomes more pronounced with increasing tempera- 
ture. It has been pointed out" that this difference can be accounted for 
by the predicted metastable 'A level of the neutral oxygen molecule. I t  
turns out that the separation of this level from the ground state 8 2  is 0.75 * 
0.05 volt or 17,200 1000 calories. 

The ratio of the multiplicities of the 'A and 32 states is 1A/3L. = 2/3.11 

We therefore obtain for the statistical weights an expression for the mole- 
cule similar to that found for the atom: namely 

log g,,,. = log (3 + 2e-l7lz"/RT ) (12) 

This term, except that part representing the multiplicity of the 3Z state, 
namely, log 3, which is already included in Giauque and Johnston's value of 
the entropy of the oxygen molecule, must be subtracted from equation 11. 

The revised equation for log K p  is then 

117,300 
log Kp = - mT 4- 1.5 log T - T' T) - 0.104 + 

4.571 

We believe that this equation is valid up to 4000°K. and may apply up 
to 5000°K. without serious error. The following table contains the calcu- 
lated values of log K*, and the per cent. dissociation x for one atmosphere 
pressure up to 5000°K. The value of x is derived from the expression 

Experimental proof for the correctness of the degree of dissociation is 
given by experiments on the specific heat of ~ x y g e n . ~  At high tempera- 
tures, say 2400°K., the experimental points are far above the values of 
specific heats calculated from the vibrational-rotational levels of the 
molecule. This is accounted for by dissociation and the 'A level contri- 
bution to the specific heat. While at  lower temperatures the dissociation 
rapidly disappears, the lA level contribution decreases slowly. Therefore, 
a t  lower temperatures the difference between experimental values and those 

(11) Lewis and von Elbe, Phys. Rev ,  41,078 (1932). 
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from the vibrational-rotational levels is due only to the lA level contribu- 
tion. One can determine the separation of the 'A level from the 3 2  level, 
from the experimental points a t  lower temperatures, i. e., about 2000°K., 
and plot the new specific heat values given by the 'A level curve up to 
2400°K. From the di£ference between this curve and the weighted mean 
of a large number of experimental points at this temperature, one obtains 
the degree of dissociation given by the above formula. 

Summary 
A rigorous equation is derived for the equilibrium constant of the reaction 

2 0  0 2  with the aid of optical data and new determinations of the 
specific heat of oxygen at high temperatures. A table is given for log K ,  
and the degree of dissociation up to 5000°K. Experimental proof for the 
correctness of the degree of dissociation is given. 

PITTSBURGH, PENNSYLVANIA RECEIVED AUGUST 4, 1932 
PIJBLISHED FEBRUARY 9. 1933 

[CONTRIBUTIO~ FROM THE PITTSBURGH EXPERIMENT STATION, U. S. BUREAU OF MINES, 
AND THE COBB CHEMICAL LABORATORY, UNIVERSITY O F  VIRGINIA] 

The Specific Heat of Oxygen at High Temperatures from 
Ozone Explosions and the Energy of the Level of the 

Neutral Oxygen Molecule1 

BY BERNARD LEWIS~ AND GUENTHER VON EL BE^ 

The theory of specific heats of gases demands that a t  high temperatures 
they be represented by the classical translational and rotational values of 
the specific heats plus the vibrational contribution. As far as molecular 
vibrations can be considered to be harmonic they are represented simply by 
the Planck-Einstein equation for an harmonic oscillator. This equation 
expressing the mean vibrational specific heat of one mole of gas for one 
vibrational degree of freedom between 300°K. and T is given by 

where €0 is the energy in calories per mole of the first vibrational level of the 
degree of freedom of the molecule considered. Tables for this function are 
available for example in Landolt-Bornsteina4 

For a more rigid calculation involving the anharmonic oscillations of the 
actual molecule, one would use the actual separations of the higher vibra- 
tional levels wherever these are available from spectroscopic data, using the 
same statistical principles underlying the Planck-Einstein formula. 

(1) Published by permission of the Director, U. S. Bureau of Mines. (Not subject to copyright.) 
(2) Physical chemist, U. S. Bureau of Mines, Pittsburgh Experiment Station, Pittsburgh, Pa. 
(3) Research associate, University of Virginia. 
(4) Landolt-Bornstein, Supplementary Volume 1, p. 702. 



The equation would then read 

where €1 is the separation of the first vibrational level above the ground 
state of the molecule, 9 is the separation of the second vibrational level 
above the ground state of the molecule, etc., expressed in calories per mole. 

To obtain the total mean specific heat there must be added to the 
vibrational contribution given by equation 2, S/zR (translational and 
rotational contributions) and a small amount due to the fact that the 
rotational levels are not equally spaced but become more closely packed 
with each successively higher vibrational level (see below). This closer 
packing of the rotational levels favors the excitation of the molecule above 
that which would exist were the packing of the rotational levels identical. 
In addition, if there is an electronic level lying close enough to the ground 
state of the molecule so that an appreciable number of molecules reach 
this level a t  a temperature T, a further contribution to the specific heat 
will be made from this source. 

The results of the present investigation of the specific heat of oxygen 
indicate that the predicted but hitherto unknown I A  electronic level of 
the oxygen molecule5 must be considered. It is possible from our data to 
locate this level at  0.75 * 0.05 volt or 17,200 * 1000 calories above the 
normal 31: state of the molecule.' 

It is extremely fortunate in an experimental determination of the specific 
heat of oxygen to be able to explode a single gas such as ozone which 
results only in one product, namely, the gas being studied. The decomposi- 
tion of ozone seems to be the only such reaction provided by nature. In 
addition, it should perhaps be the simplest and most direct case to lend 
itself to a fundamental study of the propagation of explosions in space. 
The latter study is in progress in this Laboratory a t  the Pittsburgh Experi- 
ment Station, the details of which will appear in a later publication. 

Apparatus, Materials and Experimental Procedure.-The bomb in which the ex- 
plosions were carried out was a chrome-plated iron sphere of 300 mm. diameter. The 
pressure recording diaphragm used and the method of calibration are described in the 
preceding publication A 10-inch Duragauge of the Bourdon type reading accurately 
to 0.1% used in this work, was calibrated by the Bureau of Standards. After the com- 
pletion of the experiments it was recalibrated by us with a dead weight tester calibrated 
by the Bureau of Standards and found to check the original calibration. Ignition of the 
mixture was accomplished by a small spark between two platinum points placed accu- 
rately in the center of the sphere. The wires were fused into a glass capillary tube 
'/.u inch outer diameter which entered the sphere through a hole in the end plug. No 
organic material was used in construction. With the bomb chrome-plated, the interior 
became perfectly passive to the presence of ozone after it had been exposed to the gas 

(5) Mulliken, Phys. Rev., 82, 213, 887 (1928); Hund, Z. Physik, 51, 759 (1928). 63, 726 (1930); 
Hlickel, ibid., 60, 442 (1930). 

(6) Lewis and von Elbe, Phys. Rev., 41, 678 (1932). 
(7) Lewis and von Elbe, THIS JOURNAL, 65,504 (1933). 
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for some time. This was desirable, since it allowed one to fill the bomb with any 
desired mixture of ozone and oxygen. 

The ozone was prepared in the liquid state with a purity of nearly 100yo (any im- 
purity being oxygen) by the method of Riesenfeld and S ~ h w a b , ~  the usual precautions0 

being taken to exclude organic matter. It was allowed to evaporate very slowly10 
into the bomb by surrounding the tube containing the liquid ozone with an empty un- 
silvered Dewar flask which just previously had been flushed with liquid air. 

Pressure readings were taken with a mercury manometer protected by a buffer of 
oxygen gas. An accurate manometer was constructed with a vernier attachment and 
readings were made on accurate steel scales. The valves through which the gases en- 
tered the bomb were stainless-steel needle valves The temperature of the gases in the 
bomb was taken with a mercury thermometer inserted deeply into the wall of the 
bomb and maintained in mercury for good thermal contact. The temperature was 
read when thermal equilibrium had been established. 

After the ozone had entered the bomb its pressure was measured and a suitable 
amount of pure oxygen was added (electrolytic oxygen with the hydrogen burned out and 
dried) and allowed to stand to ensure mixing. Measurements of the pressure were taken 
between time intervals just previous to explosion to measure decomposition, if any. 
After the bomb had been in use a little while, no decomposition was observed. The 
explosion was carried out and a time-pressure record was obtainedz1 on a rotating photo- 
graphic film. After the explosion, the temperature in the bomb was allowed to come to 
equilibrium, and the temperature and pressure readings were taken. The pressure 
before and after the explosion, corrected to a suitable common temperature. allowed one 
to determine accurately the amount of ozone originally present.12 

Method of Calculation.-A series of explosions was made with mix- 
tures having ratios of oxygen to ozone of 0.85 to 3.5, resulting in explosion 
temperatures ranging between 1400 and 2500°K. Initial pressures were 
varied between 300 and 760 mm., while the final explosion pressures ranged 
from about 3000 to 5000 mm. 

The method of evaluating the mean specific heat is as follows. The 
experimental data consist of Pi, initial pressure before explosion; Ti, initial 
temperature of gases before explosion; P i e ,  the pressure after the explosion 
measured at  Ti; AP, increase in pressure from Pi to maximum explosion 
pressure as measured on film. All pressure readings were reduced to a 
mercury column a t  0°, accounting for the temperature coefficient of the 
metal scale. All gas pressures Pie were reduced to the common tempera- 
ture, Ti. 

The reaction considered is 2 0 3  = 302 + heat of decomposition. For 
the case of no dissociation 

where Pe is the total explosion pressure consisting of A P  + Pi, and Te is 
(8) Riesenfeld and Schwab, Ber., 66, 2088 (1922). 
(9) See, for example, Lewis and Feitknecht. THIS JOURNAL, 63,2910 (1931). 

(10) The amount of liquid ozone required for one experiment varied from 4 to 10 cc. Care should 
be exercised in handling these quantities of liquid ozone. If allowed to evaporate too fast or violently, 
powerful explosions result. 

(11) For detaiis of this time-pressure re-ording device see Ref. 7 
(12) Ozone decomposition was always complete. 
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the final explosion temperature. The number of moles of oxygen per mole 
of ozone present before the explosion is given by 

Pi - 2(Pie - Pi) - noa --  
2(Pie - Pi] nor 

The heat of decomposition at constant volume of 1 mole of ozone is 34,220 
+ 280 calories.13 Then 

where c< is the mean specific heat a t  constant volume between Ti and T e .  

Ti was always about 300°K. 
For the case of dissociation equation 3 changes to 

The value calculated froni equation (5 )  is too high by an amount CD, the 
specific heat contribution calculated from the degree of dissociation into 
atoms. This is given by 

where HvT is the heat of dissociation of the oxygen molecule a t  constant 
volume and temperature T. It is calculated from the expression 

Hvr = HO + LT(2Cvat. - Cvm,,,.)dT (7) 

where Ho is the heat of dissociation a t  O°K. and is equal to 117,300 calo- 
ries.14 Cvat is the specific heat of the oxygen atom which is equal to 
3/2R, and Cvmo,. is the specific heat of the oxygen molecule, which is equal 
to 6/2R plus the vibrational specific heat contribution up to T°K. x is the 
degree of dissociation given by the formula 

The equation for log K, is15 

+ 21og (5 + 3e-447/RT + e-635/RT) - log (1 + 2/3e-172~~/RT) (9) 

Below 1800°K., dissociation is negligible. 

Results 
The results of the experiments are given in Fig. 1. The points represent 

the mean specific heats between 300 and I'OK. a t  constant volume corrected 
for dissociation. 

(13) Giinther, Wassmuth and Schryver, 2. physik. Chem., 168, 297 (1932); see also Kailan and 
St. Jahn, 2. anorg. Chem., 68,243 (1910). 

(14) Paschen, Naturwissenschaftcn. 34, 762 (1930); Sommer, ibid , 34, 752 (1930); Frerichs, Phys. 
Rev., 36, 398 (1930). 

(15) Von Elbe and Lewis, THIS JOURNAL, 66, 507 (1933). 
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These will now be compared with the theoretical values of the specific 
heats. The dotted line represents the specific heats according to the 
Planck-Einstein equation. A value of 1556.4 em.-' for the separation of 
the first vibrational level of the oxygen m~lecule'~ or 4425.6 calories was 
used for 60, giving a value of PY = 2229. 

1300 1500 1700 1900 2100 2300 2500 
Temperature, 'Abs 

Fig. 1.-Specific heat of oxygen from ozone explosions: - - - - - - theoretical 
specific heat of oxygen from Planck-Einstein equation; - - - theoretical spe- 
cific heat from valueS of vibrational-rotational levels of oxygen molecule; 
--- new specific heat curve which includes 'A, level contribution; 0 
experimental values corrected for dissociation. 

The more exact theoretical curve is given by the dot-dashed line as 
calculated from the known separations of the higher vibrational levels of 
the oxygen molecule, using equation 2. Professor R. T. Birge kindly 
provided us with new extrapolated values of the separations of the lower 
nine levels, which were used. The extrapolated separation of the first level 
is 1553.8 cm.-l, whereas the observed value is 1556.4 cm.-I. We solved 
this difficulty by using the differences between the extrapolated separations 
and applying them to an initial separation equal to the observed, 1556.4 
cm.-l. The separations used are as follows 

Vibrat ional  
1 e vel ,  v = 1/2 3/2 5/2 7/2 9/2 11/2 13/2 15/2 17/2 

AG, cm.-l 1556.4 1533.9 1511.4 1488.9 1466.3 1443.7 1421.1 1398.5 1375.9 
(16) Mecke and Baumatin, Z. Physik, 73,139 (1931); Babcock and Hoge, Phys. Rm., 39,560 (1932). 



Our values of the mean vibrational specific heats so calculated, check with 
the values calculated by Dr. H. L. Johnston17 except for the small amount 
which is due to the fact that the rotational levels crowd together more 
closely with increasing vibrational states. We call this latter contribu- 
tion "rotational stretching" of the molecule. For the value of this rota- 
tional stretching we are indebted to Dr. Johnston. 

Discussion of Results 

The experimental values are always higher than the theoretical curve in 
the temperature range investigated, the difference becoming more pro- 
nounced with increasing temperature. 

Analysis of the slope of the cooling curves in these explosions led us to 
believe that heat losses before maximum pressure is established are 
negligible. Heat losses if any could only be confined to radiation losses 
because the burned gas is isolated from the wall until the end of the com- 
bustion by unburned gas, the increase in temperature of which due to 
adiabatic compression is small.18 But even the radiation losses a t  thermal 
equilibrium are entirely negligible as is shown by the small slope of the 
cooling curves on the film. The cooling, as represented by these curves, 
is by far due to cooling by conduction. Any appreciable activated radia- 
tion, that is, radiation due to transitions from higher electron levels, is out 
of the question, because the first radiating electron levels above the normal 
state are too high for appreciable numbers of molecules and atoms to be 
raised to them at the temperature of these explosions. Transition from 
the predicted 'A metastable level is not possible. 

It is inconceivable that so-called "afterburning" should exist in the 
present case, since the ozone molecule is so sensitive to decomposition and 
the collision frequency in the flame front is already so high. Moreover, 
afterburning would round off the maximum in the pressure diagram of 
which there is no indication especially in the fastest explosions. 

The difference between the experimental and theoretical curves must 
therefore be due to the presence of the predicted ]A metastable level. 

It may be remarked that there is a certain amount of scattering in the 
experimental results, the maximum deviation from the mean being about 
0.8%. 

By running a considerable number of explosions around 2400°K. we 
were able to locate an experimental point a t  2385OK. which had a weighted 
mean of En = 6.56 i= 0.02. The difference of cn at 238q°K. between the 
theoretical and experimental points is 0.146 0.02. 

If nl, is the fraction of one mole of oxygen raised to the 'A level whose 
energy is El,  calories per mole, then 

(17) Private communication. 
(18) A detailed analysis of the movement of the flame front in these explosions in the spherical 

bomb will be given in a forthcoming article. 
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The fraction nl, is given by the statistical relation6 

El, is equal to 17,200 * 1000 calories or 0.75 0.05 volt. 
The solid lines is the new mean specific heat curve which now includes 

the Level contribution, I t  is seen that it fits the experimental points 
very well along the whole range. 

200 600 1000 1400 1800 2200 2600 3000 
Temperature, 'Abs 

Fig. 2.-Cp of oxygen molecule against absolute teriiperature: - - - - - - includes 
translation + rotation $- vibration + stretching + R + '2 level contribution; 
-- same + I A level contribution. 

The results also give a fair experimental proof of the equation for the 
dissociation of oxygen molecules into atoms proposed by us, for if the degree 
of dissociation were substantially different from the values calculated a t  
about 2400°K., one would not be able to separate the part of the specific 
heat due to the lA level and have the curve of the latter fit the experimental 
points a t  lower temperatures.14 

The total specific heat of oxygen up to temperatures of 3000°K. is 
composed of the translational, rotational, vibrational, rotational stretching 
and electronic contributions. To calculate the true specific heats from the 
mean specific heats is a laborious operation. To enable one readily to 
evaluate the true specific heat of oxygen per mole a t  any temperature 



between 200 and 3000°K., we have carried out these operations and have 
developed two empirical formulas for two ranges of temperature. 

The curve for Cp is plotted in Fig. 2. The dotted curve includes transla- 
tion, rotation, vibration, stretching and the contribution from the l;t: 

level, which is 37,300 calories above the ground state. The latter contribu- 
tion to the specific heat becomes appreciable a t  about 2700°K. The 
addition of the 'A level contribution to the dotted curve gives the true 
specific heat and is given by the solid curve. 

The formulas representing this curve are 
1. Valid between 200 and 800°K. 

Cp0, = 6.951 + 0.068 X (T - 200)2 - 0.0048 X 
lo-& (T  - - 0.000225 X (T - ZOO)* 

2. Valid between 900 and 3000°K. 
cp,, = 6.951 + 2.400 x 1 w 3  ( T  - 3n0) - o.yer! x 

( T  - 300)2 + 0.0270 X 10-12 ( T  - 300)4 

Table I contains values of Cp from 200 to 3000°K. 

TABLE I 
VALUES OF TRUE SPECIFIC HEAT OF OXYGEN FROM 200 TO 3000°K. 

CP 
from empirical Deviation 

T, OK. True Cp formulas of formula, % 
200 6.951 6.951 0 
300 , 7.016 7.023 +O. 10 
450 7.301 7.292 - .13 
500 7.434 7.417 - .23 
600 7.675 7.671 - .05 
800 8.072 8.072 0 

1000 8.356 8.294 - .74 
1250 8.621 8.621 0 
1500 8.840 8.879 + .44 
1750 9.033 9.079 + .51 
2000 9.208 9.233 + .27 
2500 9.500 9.476 - .25 
2750 9.616 9.601 - .16 
3000 9.725 9.761 + .37 

As the proof of this paper was being corrected there appeared a paper by Wohl 
and Magat [Z. physik. Chem., 19B, 117 (1932)l on the specific heats and dissociation 
of gases a t  high temperatures. Concerning that part of their paper dealing with the 
specific heat of oxygen, it is noticed that their experimental values are lower than ours. 
As a matter of fact their values are lower than those calculated from the ordinary 
Planck-Einstein formula. They attribute this to the incomplete excitation of the 
oxygen vibrational levels during the time of explosion. On the other hand, our values 
are higher and they have been well accounted for as outlined in this paper. I t  may be 
argued that heat losses would account for our results. This question has been discussed 
with the exception of possible heat losses through the glass rod ignition system. The 
surface of the ignition rod is not isolated from the hot gas during the explosion as is the 
case with the wall of the bomb. I t  can be shown that in our case the heat loss through 
the rod is less than 0.02%. This value is arrived a t  from the slope of the cooling curve 
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immediately following the sharp maximum. From the cooling curve the heat loss 
after the maximum in a time corresponding to the duration of the explosion is somewhat 
less than 2y0. The surface of the ignition rod is about 1 / ~ ~  the surface of the bomb 
walls. Not considering the smaller heat conductivity of glass as compared with that 
of the chromium-plated walls and also the fact that the entire glass rod is not ill contact 
with the hot gases throughout the duration of the explosion, the heat loss through the 
glass rod is certainly less than 0.0!20/0. This negligible heat loss is in agreement with the 
findings of Wohl and Magat, who show that only in the case of explosions of hydrogen 
and oxygen with excess hydrogen but not with excess oxygen is there any appreciable 
heat loss through the ignition rod. These remarks refer always to explosions in which 
there is a sharp maximum. 

The crucial test is a comparison of explosions at  different pressures. Since the 
heat conductivity of the hot gas is the same a t  different pressures, the absolute heat 
loss should be independent of the pressure but the percentage heat loss should be larger 
in the case of lower pressures and therefore the calculated values of the specific heats 
should be higher a t  lower pressures. We find however no influence of pressure on the 
specific heats. 

We are at  a loss to understand the low values of specific heats obtained by Wohl 
and Magat unless our explosion times are slightly larger than theirs. However, we 
hope to repeat that part of Wohl and Magat's work dealing with this subject, in our 
own apparatus. 

Summary 

The mean specific heat of oxygen between 300°K. and 1400 to 2500°K. 
has been determined by exploding ozone-oxygen mixtures in a constant 
volume bomb. The experimental values after correcting for dissociation 
are higher than the theoretical values calculated from the known vibra- 
tional-rotational levels of the oxygen molecule by an amount which allows 
one to calculate the energy of the hitherto unknown but predicted 'A 
metastable level of the neutral oxygen molecule. The 'A level is found 
to be 0.75 * 0.05 volt or 17,200 * 1000 calories above the ground state of 
the molecule. The new mean specific heat curve of oxygen, which includes 
the contribution from the l A  level, fits the experimental determinations 
very well along the whole range of temperatures investigated. It is pointed 
out that the results also provide a fair proof for the dissociation equation 
previously'~roposed by the authors. 

A table of true specific heats, C,, is given from 200°K. to 3000°K. 
Two empirical formulas have been developed to represent this curve in two 
different ranges of temperature. 

PITTSBURGH, PENNSYLVANIA RECEIVED AUGUST 4, 1932 
PUBI~ISHED FEBRUARY 9,1933 



520 ARTHUR E. HILL. HERBERT S. WILLSON AND JOHN A. BISHOP V O ~ .  55 

Ternary Systems. XVII. Sodium Iodide, Potassium Iodide 
and Water. XVIII. Sodium Iodide, Sodium Iodate and 

Water1 

BY ARTHUR E. HILL, HERBERT S. WILLSON AND JOHN A. BISHOP 

The relationships of the iodides and iodates of sodium and potassium 
have interest with respect to the preparation and separation of the salts 
from the Chilean caliche. The two ternary systems have been studied a t  
three temperatures, with a view to obtaining solubility data and informa- 
tion as to double salt formation. 

XVII. SODIUM IODIDE, POTASSIUM IODIDE AND WATER 

The salts were of C. P. grade and were in some cases purified by re- 
crystallization until experience showed that no measurable change was 
obtained. They were dried in an electric oven a t  100' to constant weight, 
in order that complexes of exactly known composition might be made up. 
The salts were weighed into stoppered Pyres tubes with weighed amounts 
of water and stirred by mechanical inversion in a water thermostat for 
periods of a few hours, a time which was shown by analysis to be sufficient 
for attainment of equilibrium. Small samples of the saturated solution 
were drawn by suction into a pipet with filtration; one such was dried to 
constant weight in the oven, while a second was analyzed gravimetrically 
for total iodide content. With these data the composition with respect to 
the three components was calculated with of course considerable multiplica- 
tion of errors because of the indirect determination of sodium and po- 
tassium. The composition of the solid phases was determined by algebraic 
extrapolation of the tie lines through the two points representing the 
saturated solutions and the original complexes takem2 The results are 
given in Table I. 

The solubility of the two pure salts a t  the three temperatures, obtained 
by the evaporation of the solutions, cannot with advantage be compared 
with the figures of the average curves given in the "International Critical 
 table^,"^ where the inaccuracy given is *2y0, but a comparison with the 
recent carefully determined figures of Scott and Frazier4 and Scott and 
Durham5 shows agreement with their direct measurements a t  25' within 
one part in 2000 for the potassium iodide and 1 part in 1600 for the sodium 
iodide; the agreement with their interpolated curves a t  8 and 40' appears 

(1) The material of this papel is from the dissertation of Herbert S. Willson, presented in partial 
fulfilment of the requirements for the degree of Ph.D. at New York University. 1932. 

(2) Hill and Ricci. THIS JOURNAI., 83, 4306 (1931). 
(3) "International Critical Tables," 1928, Vol. IV, pp. 235, 239. 
(4) Scott and Frazier, J. Phys. Chem., 31, 459 (1927). 
(5) Scott and Durham, ibid., 34.1424 (1930). 
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Original compIex 

Temp,  'C .  
Wk1% wt. % 

NaI 

Saturated solution 
wt. % wt. % 

KI NaI Solid phases 

KI 
KI 
KI 
KI 
KI f NaI.2HaO 
NaI.2Hz0 
NaI.2H20 
NaI.2H20 

KI 
KI 
KI 
KI 
KI 
KT 
KI 
KI + NaI-2H20 
NaI.2H20 
NaI 2H20 
NaI.2H20 
NaI.2Hz0 
NaI.2Hz0 
NaI.2HzO 

KI 
KI 
KI 
KI 
KI 
KI + NaI.2Hz0 
NaI.2Hz0 
NaI .2Hz0 

to be equally good. The solid phases a t  the three temperatures, as shown 
in Fig. 1, are limited to the compounds potassium iodide and NaI.2H20; 
no double salt is found, and solid solution was not found to occur, within 
the degree of accuracy of the work. This degree of accuracy, as tested by 
the method of algebraic extrapolation of tie lines, is doubtless lessened 
considerably by the use of an indirect method of analysis and the large 
multiplication of errors which therefore follows. Extrapolations of the tie 
lines a t  three temperatures to the composition of the simple salts assumed 
gave an average variation of 0.88% from the potassium iodide and of 1.46% 
from the NaI-2Hz0, with no steady drift to the variation; this leaves no 
doubt as to the identity of the salts, whether or not i t  is definitive as to  the 
possible occurrence of solid solution within very narrow limits. It will be 
noted that at  the three temperatures used the isothermally invariant point 



is well over toward the side of the sodium iodide. leaving only a compara- 
tively short solubility curve for that compound. 

Fig. 1.-The system KI-NaI-H20. 

XVIII. SODIUM IODIDE, SODIUM IODATE AND WATER 
The sodium iodate used in this work was recrystallized from water and 

dehydrated in an electric oven a t  100°. The solubility experiments were 
conducted as described in the previous section, with the exception that the 
time given for attainment of equilibrium was from four to seven days. 
For the analysis, the iodate was determined in a sample by the usual 
method of iodimetry, thiosulfate being used in the titration. The water 
was determined in a second sample by evaporation a t  100°, the time re- 
quired for reaching constant weight being about one week. The error 
brought in during evaporation by oxidation of iodide by iodate was found 
to be much less than was feared from the color changes which the material 
showed; i t  amounted in cases where analysis was made to a loss of only 
0.3% of the iodate present, which would affect the figures only in the 
fourth significant place, and was therefore neglected. During the solu- 
bility experiments some slight decomposition, probably photochemical, 
always took place, as evidenced by the yellow color of the solutions; again, 
however, analysis showed that the iodine set free amounted to only a few 
thousandths of one per cent., a wholly negligible amount. The results of 
the experiments are given in Table 11. 

Algebraic extrapolation of tie lines through the points showed fairly good 
concordance; in only four cases is the variation from the true composition 
more than 1%. 

The above figures, when plotted as shown in Figs. 2, 3 and 4, indicate 
two points of some interest with respect to the system. The first is that 
the solubility of the iodate is very greatly decreased by the presence of 
iodide, falling at  the saturation point to as low as 0.02y0 at 8 O ,  and rising 
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TABLE I1 

SYSTEM NAIO~NAI-Hz0 

S.S. = solid solution. 
Original complex Saturated wlution 
wt % wt. % wt % g'Ig 

Temp, 'C. NaI NaIOa NaI Density Solid phases 

NaIO8.5HzO 
NaI03.5Hz0 
NaI03 5H20 
NaI03.5H20 + S S. 
S.S. 
S.S. 
S.S. 
S.S. + NaI.2Hz0 
NaI.2H20 

NaI03.HZO 
NaIOa.Hz0 
NaIO3.Hz0 
NaI03.Hz0 
NaIOrH30 
Na103-HzO 
NaI03-Hz0 + S.S. 
S.S. 
S.S. 
S.S. 
S.S. 
S.S. + NaI-2Hz0 
NaI.2Hz0 

NaI03.H20 
NaI03-H20 
NaIOa-Hz0 
NaI03.Hz0 
NaI03-H20 
NaIOa 
NaI03 
NaI03 
NaI03 +- S.S. 
S.S. 
S.S. 
S.S. 
S.S. 
S.S. 
S.S. + NaI.2H10 
NaI.2Hz0 

only to  0.3% a t  40'. This indicates that sodium iodide can be freed from 
iodate by recrystallization only with difficulty and only when the initial 
iodate concentration is lower than the above figures, which may well be 
the explanation of the very frequent appearance of iodate as impurity in 
commercial iodide, if the source of the material is such as would contain 



iodate. It will be shown in a later publication that this condition does not 
occur in the system containing the two corresponding potassium salts, 
which may be the reason that the potassium iodide quite regularly has a 
higher degree of purity than the sodium salt. 

Fig. 2.-8' Isotherm: NaIOrNaI-H20. 

The second point of interest is the occurrence of a new complex iodide- 
iodate, which was found at all three temperatures and which is the satu- 
rating phase over a considerable part of the entire range of concentrations. 
This was found to be not a double salt, but a solid solution of the two 

Fig. 3.-25' Isotherm: NaIOrNaI-H20. 

hydrated salts NaI0~5Hz0 and NaI.2Hz0. The evidence lies not merely 
in the failure of the tie lines to intersect with any reasonable constancy at a 
single point, but also in the isolation and analysis of the solid phase. For 
this test the ordinary method of filtration and analysis offered difficulty, 



Feb., 1933 TERNARY SYSTEMS. XVIII 52.5 

for the solid obtained from the solubility experiments was very fineIy 
divided and carried a large percentage of highly concentrated solution upon 
its surface, making a very large correction necessary. To avoid this 
condition, crystals were slowly grown from a solution made up in the area 
of undersaturation above the line b-c (Fig. 3) by evaporation over sulfuric 
acid a t  room temperatures. The crystals tlms obtained were well formed 

Fig. 4.40' Isotherm: NaIOrNaI-HzO. 

and several millimeters in diameter, and could be quickly centrifuged t o  a 
condition of superficial dryness so that they ran easily on the glass of a test- 
tube with no evidence of stickiness; it is quite certain that they could not 
have contained more than very small amounts of solution. The results of 
their analysis are given in the first two columns of Table 111. 

ANALYSIS OF SOLID SOLUTIONS 
I I1 111 

Wt. % NaIOa 33.24 30.31 35.6 
Wt. % NaI 38.09 44.41 40.2 

These first two points will be found to represent quite different composi- 
tions, and to fall fairly close to the line drawn as representing the series of 
solid solutions. The third analysis represents a sample taken directly 
from a solubility experiment and filtered rapidly; i t  was put to  dry in a 
desiccator containing a partially dehydrated mixture of NaI03-H20 and 
NaI-2Hz0. In two months time it lost 14.64% of water and reached a 
constant weight which remained unchanged for seven months. The 
analysis of the solution from which i t  was formed being known, the neces- 
sary correction6 was made in the analysis of the solid; the corrected 
analysis, shown in the third column, also falls close to the expected line. 

(6) Hill, Tars JOURNAL, 68, 3828 (1930). 



526 ARTHUR E. HILL, HERBERT S. WILLSON AND JOHN A. BISHOP Vol. 56 

The wide variation in the composition of the three samples is convincing 
evidence of solid solution. The position of the three points is sufficiently 
close to the line joining the composition of NaI.2H20 and NaIO3.5H20 to 
indicate that these are the solids entering into the solid solution. That 
this should be the case at  the lower temperature is in no wise striking; 
but that it should also be so at  40°, some 20' above the transition tempera- 
ture of NaI03.5H207 involves the conclusion that the vapor tension of 
NaIO3.5H20 in the solid solution is considerably reduced by the presence 
of the NaI.2Hz0 in the same molecule. 

It will be noted that the area of solid solutions begins quite close to the 
ratio of 1 : 1 for the two salts, corresponding to the formula of a compara- 
tively simple double salt, NaI03.NaI.7H20, and extends with increase in 
the amount of iodide to a point near to or a t  the 1 : 2 ratio, NaI03-2NaI.- 
9H20. This approxitnation of solid solution to the compesition of stoichio- 
metrical ratios, well known in the case of glaserite, has been noted in a 
number of interesting cases.8 In commenting upon these, Timmermans

g 

remarks that they may possibly be regarded as examples of Berthollidean 
compounds of variable composition as opposed to Daltonian compounds 
of fixed composition. Without committing one's self to any fundamental 
theory in the matter, one is obliged to note the frequency with which such 
solid solutions approximate the stoichiometrical ratios, and to suspect that 
doubtless certain substances have been reported as compounds on this 
basis whereas they are truly solid solutions. 

Summary 

1. The system NaI-KI-H20 has been studied a t  8, 25 and 40'; no 
compound formation occurs. 

2. The system NaI03-NaI-H20 has been studied at  the same three 
temperatures; a t  all of these there exists, over a wide range of liquid con- 
centration, a series of solid solutions of the composition (NaI03.5H20),-- 
(NaI.2H20),, beginning at  the 1 : 1 ratio and extending to approximately 
the 1 : 2 ratio. 

NEW YORK, N. Y. RECENED AUGUST 5,1932 
PUBLISHED FEBRUARY 9, 1933 

(7) Foote and Vance, Am. J. Sci., 16, 68 (1928); 18, 375 (1929); Hill and Donovan, THIS JOUR- 

NAL, 63, 934 (1931). 
(8) Kurnakow, 2. anorg. Chem .88, 109 (1914) ; Foote and Saxton, T ~ r s  JOURNAL, 36, 1695 (1914) ; 

Clendennin and Rivett, J. Chem. Soc., 119,1329 (1921). 
(9) Timmermans, "La Notion d'Esp&ce en Chimie," Paris, 1928, p. 16. 
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X-Ray Studies of the System Nickel-Oxygen-Water. I. 
Nickelous Oxide and Hydroxide1 

BY R. W. CAIRNS AND EMIL OTT 

Introduction 

Numerous investigators2 have made x-ray studies of natural and artificial 
nickelous oxide. The crystal structure has been definitely established as 
face centered cubic, with a lattice spacing approximately 4.17 A. The 
most accurate determinations are probably those of Brentano3 (4.1705 A.) 
and Ksanda4 (4.171 * 0.003 A.). Since both determinations were made 
with the use of sodium chloride diffraction as a primary standard, there is 
little doubt as to their accuracy. 

There appear in the literature several reports of ostensibly new modifica- 
tions of NiO. Lachand and Lepierre5 reported that the oxides prepared by 
ignition of what they believed to be two crystalline modifications of an- 
hydrous nickel suIfate retained the external crystal form of the sulfates. 
The densities of the two oxides which they prepared were 6.67 g.  per cc. 
and 6.70 g. per cc., as compared with a density of 6.80 g. per cc. calculated 
from x-ray data. 

Hedva116 found that NiO which had been repeatedly heated to 1000° for 
several hours in molten potassium chloride possessed a density of 7.45 g. 
per cc. Since this value is considerably higher than the density calcu- 
lated from x-ray data of the normal form, it would appear that a new 
modification was present, and it has been treated as such in a t  least one 
in~tance.~ 

Prasad and TendulkarS have investigated the variation in physical 
properties, as influenced by temperature of preparation, of samples of 
NiO prepared by heating nickel nitrate, hydroxide and basic carbonate at  
temperatures of 400 to 1000°. The oxide obtained a t  400° was black and 
the one at 1000° green. They found that the density and electrical resist- 
ance increased, and the rate of solution in sulfuric acid decreased as the 
temperature of preparation was raised. They concluded that there were 
two forms of NiO, the black form prepared at 400° and the greenish-gray 
form, at  1000°. The changes in properties were attributed to changes 

(1) From a thesis submitted by Robert W. Cairns in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy. 

(2) Davey and Hoffman, Phys. Rev., 16, 333 (1920); Davey, ib id . ,  17, 402 (1921); Clark, Asbury 
and Wick, Tars JOURNAL, 47,2661 (1925); Lunde, Z. anorg. allgem. Chem., 163,345 (1927) ; Hendricks, 
Jefferson and Schultz, Z. Kryst., 73, 376 (1930). 

(3) Brentano, Proc. Roy. SOG. (London), 37,184 (1925); Phil. Mag., [7] 3,413 (1927). 
(4) Ksanda, Am. J. Sci., 88, 131 (1931). 
(5) Lachand and Lepierre, Bull. sac. chim., 131 7, 600 (1892). 
(6) Hedvall, Z. anorg. allgem. Chem., 98, 382 (1915). 
(7) See Landolt-BBrnstein, "Physikalisch-chemische Tabellen," 5 Auflage, I,  p. 304 (1923). 
(8) Prasad and Tendulkar, J .  Chem. Soc., 1403 (1931). 



(1) in particle size, (2) from amorphous to crystalline state, (3) in crystal- 
line form and (4) of an intramolecular nature. 

Leblanc and Sachseg have shown that the oxide prepared by the same 
method a t  400 to 500' possessed the normal cubic structure of the high-tem- 
perature preparation as evidenced by the x-ray diffraction pattern. They 
have also proved that the black color was due to traces of active oxygen. 

Further, a new modification of nickel oxide was reported by Bennett, 
Cairns and Ott1° but further work has shown that the reported results 
were erroneous. The substance then reported as NiO by Dr. Bennett1' 
was subsequently found by us to contain active oxygen and water in 
bound form. That the diffraction pattern appeared in the first approxima- 
tion to fit a cubic structure, was purely accidental. A search of the litera- 
ture revealed no other reports of different modifications of nickelous oxide. 

Inasmuch as there has been no x-ray evidence to disprove or substantiate 
the existence of the different modifications as reported, the present in- 
vestigation was undertaken. Incidental to this work more accurate data 
were obtained on the crystal structure of nickelous hydroxide. The crystal 
structure of nickelous hydroxide has previously been determined by 
Natta.12 The lattice type was found to be hexagonal with one molecule 
per unit cell. The lattice constants as determined by the x-ray diffraction 
were a0 = 3.07 A. and co = 4.61 A. 

Nickelous hydroxide as generally prepared by precipitation from nickel 
salt solutions contains, after drying, more water than is necessary for a 
composition of Ni(OH)2. In some cases this has been taken as evidence 
of the formation of definite hydrates.13 

Experimental Part 
Preparation of Samples 

Nickel Oxides from Sulfates.-Twenty grams of ammonium bisulfate and ten grams 
of nickel sulfate hexahydrate were fused together in a porcelain crucible. The bisulfate 
was volatilized by heating the mass to red heat for four hours. The residue of crystal- 
line anhydrous nickel sulfate was found by microscopic examination to be in the form of 
yellow-green transparent octahedra. In a second preparation, the same procedure was 
followed except that 3 g. of concd. sulfuric acid was added to the mixed sulfates before 
fusion. The sulfate product in this case crystallized in lens-shaped crystals. x-Ray 
powder pictures of the two sulfates were identical, and their complexity indicated low 
symmetry for the crystal structure. Thus the two forms of nickelous sulfate do not 
represent two different modifications, but are merely different habits. 

Each of the two preparations of nickel sulfate was heated a t  white heat in a platinum 
crucible for an hour. The oxide products were moss-green in color and retained the 
external form of the original sulfates. 

Pure Nickelous Oxide from the Nitrate.-C. P. nickel nitrate was twice recrystal- 

(9) Leblanc and Sachse, Z. Elektrochcm., 32, 204 (1926). 
(10) Bennett, Cairns and Ott, Tnrs JOURNAL, 63, 1179 (1931). 
(11) Bennett, Dissertation, Johns Hopkins University, 1930. 
(12) Natta. Gaze. chim. ital.. 68, 344 (1928). 
(13) See Gmelin-Kraut, "Handbuch der anorg. Chem." Vol. 1, pp. 43-44 (1909). 
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ized from water. The nitrate initially gave a very faint test for cobalt by Vogel's 
method, but this was negative after one recrystallization. The purified nitrate was 
heated to white heat in a platinum crucible. A surface layer of dark colored oxide was 
formed due to contact with air, but beneath this the pure NiO was yellow-green and gave 
no test for active oxygen by the Bunsen method. 

The purified nitrate was also treated in solution with ammonia gas, and the pre- 
cipitated hexammoniate was further recrystallized twice from strong ammonia solution. 
The product was ignited in nitrogen in an electric furnace a t  1000°. The oxide thus 
formed wa3 also green and contained no active oxygen. 

Nickelous Oxide by Hedvali's Method.-Pure NiO was heated in molten potassium 
chioride a t  white heat over a period of five hours. The heating was momentarily inter- 
rupted every half hour and the mass allowed to cool for five minutes. At the conclusion 
of the heating the potassium chloride was leached out with water and the light green 
oxide Ntered off and washed. 

Nickelous Oxide by Decomposition of Nickelic Oxide Hydrate.-A sample of 
nickelic oxide-hydrate, the approximate composition of which was Niz0~ 2H90 (see 
following paper), was heated for three days a t  120'. The black color remained although 
only a trace of active oxygen was present. The same oxide-hydrate was heated in nitro- 
gen a t  1000" for two hours. The green product thus formed contained no active oxygen. 

Nickelous Hydroxide.-A solution of 25 g. of potassium hydroxide in 250 cc. of 
water was added dropwise to a solution of 60 g. of Ni(NO8)z 6Hz0 in 500 cc. of water a t  
room temperature The precipitation was carried out with rapid stirring in a closed 
three-necked flask of three liters capacity. Carbon dioxide-free air was kept over the 
solution. After precipitation the product was washed by decantation three times, in a 
cylinder of ten liters capacity. The cylinder was kept covered with a ground-glass plate 
except during decantation. A minimum time of exposure to  air was allowed, and car- 
bon dioxide-free water was used in the decantation. After the supernatant liquid had 
been removed in the last decantation, the precipitate was filtered with suction on a 
covered Buchner filter. After washing, the product was dried in a desiccator for two 
weeks over concd. sulfuric acid. 

The preparation was repeated with the nitrate solution kept a t  100" during precipi- 
tation. The final composition of this product, after drying in vacuo over calcium 
chloride for a day, was NiO 1.21Hz0, as shown by nickel and water analyses. The 
product contained 0 6% of carbon dioxide. Another preparation was carried out a t  
0°, and the product was kept in the wet state for x-ray investigation. 

Method of x-Ray Analyses.-The source of x-rays was a hot filament metal tube 
with a copper anticathode (model Dr. Seeman, Freiburg). The tube was operated a t  
ca. 20 kilovolts and 30-40 milliamperes. Nickel foil was used for practically complete 
absorption of Kg-radiation. The radiation was occasionally checked spectroscopically 
and found to be CuK, essentially. The camera was of the Debye-Scherrer type (Dr. 
Leiss, Berlin-Steglitz) with an effective diameter of 114 6 mm The powdered samples 
were contained in thin collodion tubes of 0.5 mm. diameter. In the accurate determina- 
tions the samples were powdered in an agate mortar with equal parts of Kahlbaum 
"sodium chloride for analysis." The diffraction of sodium chloride thus appeared on 
the films and was used as a standard in measurement of the diffraction of the nickel 
compounds. The values of sin 0 for the glancing angles for sodium chloride were first 
determined from microcomparator measurements of the line spacings on the films and 
the known diameter of the came$a. These values were then compared with the values 
calculated assuming ao = 5.628 A. for chemically pure sodium chloride. A plot of these 
corrections against the values of sin 0, uncorrected, was used to determine the correc- 
tions to the observed sines of the glancing angles for NiO and Ni(OH)2. 

Some of the diagrams obtained may be found in a following paper. 



Results of x-Ray Analysis 

Nickelous Oxide.-The two samples of nickel oxide prepared by ig- 
nition of the sulfates gave x-ray diffractions corresponding to the usual 
face-centered type of crystal. There was no distortion of the lattice within 
the limits of experimental error. It was evident that the oxides were 
merely pseudomorphic with the original sulfates. 

Compound 

NaCl 
NiO 
NiO 
NaCl 
NaC1 
NiO 
NaCl 
NiO 
NiO 
NaCl 
NiO 
NaCl 
NiO 
NaCl 
NiO 
NaCl 

Compound 

NaCl 
NiO 
NiO 
NaCl 
NaCl 
NiO 
NaCl 
NiO 
NiO 
NaCl 
NiO 
NaCl 
NiO 
NaCl 
NiO 
NaCl 

TABLE I 
NiO FROM Ni(NO& 6He0 

Miller indices Sin 8 obs. Sin 8 corr. 

200 0.27626 0.27363 
111 .32227 .31992 
200 .37156 .36956 
220 .38873 .38697 
222 .47533 .4?393 
220 .52362 .52258 
400 .54801 .54726 
311 .61291 .61242 
222 .64026 .63994 
422 .67075 .67025 
400 .73875 .73905 
440 ,77375 .77393 
331 .go412 .SO482 
442 .81991 .82089 
420 .82511 .82595 
620 .86410 .86530 
Average value for a0 for NiO 
Average deviation from the mean for a. 

TABLE I1 
NiO FROM Ni(N03)2.6NHs 

Miller indices Sin 8 obs. Sin 0 corr. 

200 0.27607 0.27363 
111 .32207 .32100 
200 .37118 .36947 
220 .38854 .a8697 
222 .47486 .47393 
220 .52324 .52269 
400 .54756 .54726 
311 .61257 .61249 
222 .63978 .63983 
422 .67043 .67025 
400 .73846 .73896 
440 .77329 .77393 
331 .80412 .80490 
442 .82015 .82089 
420 .82536 .82616 
620 .86427 .86530 
Average value for ao for NiO 
Average deviation from the mean for a0 

ao for NiO, k. 

ao for NiO, k 
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Data on the x-ray diffractions of the two samples prepared from nickel 
nitrate hexahydrate and hexammoniate are given in Table I and Table 11. 

The average of these two determinations was then 4.1684 A. In  con- 
sideration of the accuracy possible through use of sodium chloride as a 
primary standard and, because of the purity of the samples, this value is 
probably accurate to 0.001 A. 

By an identical determination the nickelous oxide prepared by Hedvall's 
method was found to have the lattice constant, a0 = 4.1665 A. The aver- 
age deviation from the mean value for a" was in this case 0.0007 A. Thus 
this value is identical with the above ones within the experimental error 
(=~=0.001). Hence i t  appears that Hedvall's density determination was 
subject to error, as an experimental density of 7.45 g. per cc. would require a 
lattice spacing of 4.04 A. or less. 

The two samples of nickelous oxide prepared by decomposition of nickelic 
oxide hydrate a t  120 and 1000° possessed identical crystal diffraction, with 
the exception that the diffraction lines of the low temperature preparation 
were exceedingly diffuse, while those of the sample ignited a t  1000° were 
very sharp. The differences in properties observed by Prasad and Tendul- 
kars could all be explained on the basis of a difference in particle size. The 
black color was caused by traces of active oxygen. 

TABLE I11 

Ni(0H)t PRECIPITATED AT 100' 
h k l  Sin I3 obs. Sin I3 corr. Sin %€I corr. Sin 2 8  calcd. 

001 0.17021 0.16676 0.02781 0.02794 

NaCl Diffraction 
h k l  Sin 8 obs. Sin 8 calcd. 

200 0.27620 0.27363 
220 .38832 .38697 
222 .47460 .47393 
400 .54683 .54726 
420 .61130 .61185 
422 .66913 .67025 



Nickelous Hydroxide.-The room temperature preparation gave a 
very diffuse x-ray dsraction pattern with the innermost line (correspond- 
ing to the (001) spacing)l4 a very broad band. The preparation made at  
100' gave much sharper diffraction lines and all of the inner lines were clear 
enough for accurate measurement with a millimeter rule. The diffraction 
pattern corresponded to that of a crystal of hexagonal lattice type. Data 
are given in Table 111. 

The average deviation between the values of sin2 0 observed and sin2 0 
calculated from the quadratic formula for the hexagonal system was 0. IS%, 
with the values of the lattice constants a0 = 3.114 A. and c~ = 4.617 A. 
A second determination gave agreement to 0.28%. Our more accurate 
value for ao differs by ca. 1% from Natta's.12 

The calculated density was 3.94 g. per cc. for one molecule per unit cell, 
in fair agreement with a determined density of 3.56 g. per cc., the discrep- 
ancy being due probably to adhering air and water. 

Expressed on rhombohedra1 axes the unit cell contained three molecules 
per unit cell, showing that the hexagonal type was the simplest structure. 

In a previous determination12 the structure was assumed to be of the 
cadmium iodide type, with the atoms of Ni(OH)2 a t  the following positions 
of Did: Ni a t  0, 0, 0; OH at  2/3, U; 2/3, l/2, z7. The optimum value of 
u was found to be 0.25. 

In this work the atomic positions were assumed to be the above, and the 
relative intensities of the planar reflections were computed from the 
formula 

1 + c0s2 2 9 
I sin2 8 cos 8 . j . ( ~ N i +  F O C O S ~ ~  

where j is the heaping factor16 for the plane (h k 1) and FNi and Fo are the 
atomic reflecting powers for Ni and 0 atoms.16 

Ni(0H)t 
Calculated intensity 

h k l  Observed intensity u = 0.23 0.25 0.27 

001 Very strong 93 79 65 
100 Medium strong 25 25 25 
10 1 Very strong 50 49 47 
102 Medium strong 18 23 28 
110 Medium strong 22 23 25 
111 Medium weak 8 7 6 
200 Very weak 5 5 5 
103 Very weak 5 . 5  5 5 
201 Medium weak 7 7 7 
202 Medium weak 6 5 . 5  4 . 5  

(14) I t  is of interest to note that this important spacing was not directly observed in the previous 
work of Natta. 

(15) Schleede and Schneider, "Rontgen~pektroskopie und Kristallstr~kturanal~se." Rand 11, p 
250, Table 33, Berlin, 1929. 

(16) Wyckoff, Phyr. Rev., 36, 583 (1930). 
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The intensities, in arbitrary units, for different values of the parameter 
u are given in Table IV. The best agreement with observed intensities 
was found for u = 0.25, confirming Natta's results. 

The x-ray difiraction of a wet, freshly precipitated sample of Ni(OH)2 
prepared a t  0' showed a very diffuse diffraction in which all the lines cor- 
responded to the strongest reflections of the dry material. No evidence 
could be found of any definite hydrates of Ni(0H)Z. 

A sample of NiO, obtained by decomposition of Ni(OH)2 in nitrogen 
a t  500°, showed no change in its x-ray diffraction after the material had 
been heated in a bomb tube in water at  150' for five days. Hiittig and 
Peter1' have found that nickelous hydroxide cannot be formed by action of 
water at  room temperature on NiO. Thus it appears that the decomposi- 
tion of nickelous hydroxide to the oxide is not reversible under ordinary 
pressures. 

Summary 

1. I t  has been found that several new modifications of nickelous oxide 
reported in the literature conform to the usual face-centered type of lattice. 
The lattice constant for preparations made according to the methods de- 
scribed did not vary from the accepted value for the normal form of the 
oxide, within the limits of experimental error. 

2. The lattice constant of pure NiO has been redetermined more ac- 
curately using pure sodium chloride as a reference substance. The value 
as determined for two different preparations of nickelous oxide was 

ao = 4.1684 * 0.001 A. 
3. I t  has been possible to redetermine the lattice constants of hexagonal 

Ni(OH)2 with greater accuracy than heretofore. The lattice constants 
were found to be a0 = 3.114 * 0.005 A. and co = 4.167 * 0.005 A. In- 
tensity calculations indicated that the crystal had the symmetry of the 
space group D:d, with the following atomic cotirdinates: Ni a t  (0, 0, 0); 
OH at 2/3, 0.25), (2/3, l /3 ,  -0.25), in accordance with a previously re- 
ported structure determination. 

4. The reported existence of hydrates of Ni(0H)Z has been disproved. 
5. Two crystal forms of nickel sulfate, previously thought to be different 

modifications, were found to be identical, differing only in crystalline habit. 
The nickel oxides prepared from the sulfates were merely pseudomorphic 
with them, and do not represent new modifications. 

BALTIMORE, MARYLAND RECEIVED AUGUST 5, 1932 
PUBLISHED FEBRUARY 9,1933 

(17) Huttig and Peter, Z anovg. allgem. Chem., 189, 184 (1930). 



[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY OF JOHNS HOPKINS UNIVERSITY] 

X-Ray Studies of the System Nickel-Oxygen-Water. 11. 
Compounds Containing Trivalent Nickel1 

Introduction 
The chemistry of the oxides of nickel and their hydrates has been a 

controversial subject for a great many years. A number of higher oxides 
of nickel have been reported, but there has followed positive proof that 
such oxides do not exist. Wohler and B a l ~ , ~  Ba~bigny ,~  Rose,4 Glaser: 
Moi~san ,~  Vaubel,' L ~ n d e , ~  and Clark, Asbury and Wick

g 
have reported 

preparations of oxides such as Ni304, NizOa and Ni02. For the most part 
the compounds were analyzed for their nickel content alone and the oxygen 
content determined on this basis. The generai methods of preparation 
in use involved the dry heating of nickel compounds such as the hydroxide, 
oxide, nitrate, chloride or basic carbonate in air or oxygen, a t  tempera- 
tures of 200 to 500'. Subsequent work by Leblanc and Sachsel0 has shown 
the above work to be erroneous. The latter made preparations of the 
black oxide of nickel according to the above methods, and analyzed the 
products completely, for nickel, active oxygen and water. In all cases, the 
active oxygen content was very low, corresponding to less than 10% of 
Ni203. The errors in the previous results were due to the fact that the 
water contents were not taken into account. Leblanc and Sachse therefore 
assumed that the black oxide of nickel, as prepared in the above ways, was 
not a homogeneous higher oxide of nickel, but was a system of nickelous 
oxide, active oxygen and water, containing less than ten per cent. of higher 
oxides. x-Ray diagrams of their products showed only the diffraction lines 
for NiO. Their work was substantiated by Hendricks, Jefferson and 
Schultzu who were unable to obtain anything but nickelous oxide with 
traces of active oxygen, by any of the above methods. 

It appears quite clear that anhydrous higher oxides of nickel do not exist. 
However, there remains for consideration another class of nickel com- 
pounds containing active oxygen, prepared by quite different methods. 
These compounds have been previously referred to as higher oxides or 
oxide-hydrates. The general method of preparation has been oxidation 

(1) From a thesis submitted by Robert W. Cairns in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy. 

(2) Wohler and Balz, Z. Elektrochem., 27, 406 (1921). 
(3) Baubigny, Compt. rend., 87, 1082 (1878); 141, 1232 (1905). 
(4) Rose, Pogg. Ann., 84, 571 (1851). 
(5) Glaser, 2. anorg. Chem., 36, 1 (1903). 
(6) Moissan, Ann. chim. phys., 151 21, 239 (1880). 
(7) Vaubel, Chem. Z., 46, 978 (1922). 
(8) Lunde, 2. anorg. allgem. Chem., 163, 352 (1927). 
(9) Clark, Asbury and Wick, THIS JOURNAL, 47, 2661 (1925). 

(10) Leblanc and Sachse, Z. Elekfrochem., 3% 59 and 204 (1926). 
(11) Hendricks, Jefferson and Schultz, Z. Kryst., 73, 376 (1930). 



of nickel salt solutions by basic solutions of oxidizing agents such as bro- 
mine, chlorine and persulfates. Belluci and Clavari12 made a series of 
preparations, using different oxidizing agents and various temperatures 
of preparation. The products were analyzed for active oxygen and nickel. 
They computed the Ni:O ratios from the data and found the values to  
range from 1: 1.3 to 1 : 1.9, the oxidation taking place to the greatest extent 
a t  a temperature of precipitation of OO. They obtained no definite evi- 
dence of the existence of an intermediate oxidation product such as Niz03, 
and therefore assumed the products to be mixtures of NiO and NiOz. No 
attempt was made to determine the water content of the products, or to 
find whether this was bound or simply adsorbed. Clark and co-workers9 

reported the preparation of NiOrxH20 by the same method, and found the 
product to be amorphous, giving no x-ray diffraction pattern. Howell13 
studied the decomposition of the precipitates formed when basic solutions 
of chlorine were added to nickel sulfate solutions. The products were in- 
stable in suspension a t  100°, losing active oxygen fairly rapidly. Howell 
determined the Ni:O ratios in the manner described above. Initial values 
for this ratio reached 1:1.65, and approached 1:1 for precipitates de- 
composed a t  100°. There was a rapid initial loss of about 25% of the 
active oxygen, followed by a more gradual loss of the remainder. He 
interpreted the results to indicate that two higher oxides were present, NiOr, 
which was very instable and accounted for the rapid initial loss of active 
oxygen, and Ni203, which lost active oxygen much less rapidly. He 
made no mention of the possibility that the products might contain bound 
water. 

Hiittig and Peter14 studied the system nickelic oxide-water. Products 
prepared by the method of Belluci and by oxidation of suspended nickel- 
ous hydroxide had compositions expressible as Ni203.3-4H20. The Ni:O 
ratios were exactly 1:1.5, but the water contents varied with conditions of 
drying. By the isobaric decomposition of the products a t  temperatures of 
100 to 140° and a total pressure of about 10 mm. they believed to  have 
found evidence for the existence of a monohydrate of Ni203. They also 
found that the composition of the product obtained by heating the above 
preparations in water a t  200' was approximately Ni203.H20. x-Ray dia- 
grams of the first two products and of the product of the water heating 
were obtained. No correspondence between any of the patterns was 
noticeable. They assumed the latter pattern to be characteristic of the 
monohydrate of Niz03, but did not succeed in placing any interpretation on 
the x-ray results on the original products, other than to suggest that a 
trihydrate might exist. No evidence of such a compound was indicated 
in the isobaric decomposition experiments. They found the water con- 

(12) Belluci and Clavari, Gazz. chim. ital., 36,58 (1906); 37, 409 (1907). 
(13) Howell, J. Chem. Soc., 12s. 669 and 1772 (1923). 
(14) Hiittig and Peter, 2. anorg. aRgem. Chem., 189, 190 (1930). 



tents of the products to be completely reversible a t  temperatures below 
1 3 8 O ,  a t  which temperature the composition of the residue-became Niz03.- 
HzO. At temperatures above this irreversible decomposition took place 
according to the equation 

Leblanc and R. Miillers published a thesis which we received after 
completion of our work in which they study the system of higher nickel 
oxides and water. Their attempted x-ray study was unsuccessful, due to 
experimental reasons. They were able to obtain preparations giving a 
Ni:O ratio as high as 1.75. The isotherrnic decomposition gave no evi- 
dence of any definite oxides or hydrates in strong contrast to the findings 
of Hiittig and Peter.16 I t  is also our conviction that the results of the 
latter authors were accidental. 

Experimental Part 
Chemical Analyses.-Nickel was determined electrolytically. Samples were dis- 

solved in very dilute sulfuric acid to avoid loss in spray caused by rapid evolution of 
oxygen. After electrolysis solutions were tested with hydrogen suliide to assure that all 
nickel was recovered. 

Active oxygen was determined by a modified Bunsen method, using an apparatus 
described by Gooch.l8 Samples were dissolved in dilute hydrochloric acid. The 
chlorine evolved was swept into potassium iodide solution with carbon dioxide, while the 
acid solution was gently boiled. The free iodine was titrated with thiosulfate. 

Water and carbon dioxide were determined by heating the samples in a quartz 
tube in an electric furnace at  about 1000". The vapors were swept into absorption 
tubes by a stream of purified nitrogen. The carbon dioxide contents were approxi- 
mately 0.5% for all nciterials analyzed in this work. 

x-Ray Analyses.- The method was identical with the one in our previous article.I7 
The powder pictures thus obtained were measured with a millimeter rule. Since 

diffraction lines in all cases were rather broad it was not feasible to use a micro-compara- 
tor. The x-ray data recorded in the report include thelinear distances between corre- 
sponding lines on each side of the film, and the estimated relative intensities of the 
dsraction lines. 

Preparation of Samples.-A. A solution of 55 g. of potassium hydroxide and 12 cc. 
of bromine in 500 cc. of water was added dropwise to a solution of 100 g. of Ni(N03)y- 
6 8 0  in 1500 cc. of water, with rapid stirring. Precipitation was carried out in absence 
of carbon dioxide as described in the preceding article." The temperature of precipita- 
tion was 25". The precipitate was washed five times by decantation, then filtered and 
washed thoroughly on the filter, as described in the preparation of nickelous hydroxide. 
The product was dried over concentrated sulfuric acid for a few days and then over 1:l 
sulfuric acid for two weeks. The final analysis corresponded to the composition Ni203.- 
3.19HzO.(NizOa 73.5% Hz0 25.7%, Cot 0.5%). This preparation was designated as 
product A. 

The product A was dried more thoroughly a t  various temperatures: (1) in a vacuum 
desiccator over calcium chloride, at  about 1 mm. pressure, (2) in an electric oven in air, 

(15) R. Moiler, Dissertation, Leipzig, 1931. 
(16) Gooch, "Representative Procednres in Quantitative Analysis," John Wiley and Sons, Inc , 

New York, 1916, p. 187. 
(17) Cairns and Ott, THIS JOURNAL, 65, 627 (1933). 
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and (3) in a metal tube under 10 atmospheres of oxygen, with phosphorus pentoxide 
present to absorb water. Analyses of products are given in the following table. 

Method of Temp., Time of ?J % 7, NiO NiOxO3 :H$O 
drying O C .  drying NlrOa HIO by dlff. mol. ratio 

(1) 25 3 days 80.8 17.3 1.9 1:1.97 
(2) 130 24 hours 41.3 9.7 49.0 1: 2.16 
(3) 320 20 hours 30.7 8.8 60.5 1:2.65 

The x-ray diagrams of product A and of the product dried by method (1) were 
identical. Data are given in Table I, 1, and Fig. ?A. The products dried by methods 
(2) a ~ d  (3) gave ~ n l y  lines for Xi0 (see Table 1, 4, and Fig 1B) the decomposition 
probably destroying the crystallinity of the undecomposed portion. No other foreign 
diffraction lines were observed 

Fig. 1.-A, Niz03.2Hz0 (A); B, NiO by decomp. of 
Ni203.2Hz0 in air a t  120°; C, Ni(OH)Z, obtained by de- 
composition of Ni20g.2Hz0 in water at  150'; D, prepara- 
tion El (Ni3Oa.xHzO) ; E, preparation EZ (Ni60vxH20) ; 
F, preparation F (Ni~03-H*0). 

It was quite evident that removal of water alone above a content of two mols per 
NinOg would not affect the x-ray diffraction, and that beyond this point the decompo- 
sition took place with Ioss in active oxygen. This strongly indicated that the original 
product was Niz03.2Ha0, with some adsorbed water. 

B. A solution of 20 g. of potassium hydroxide in 250 cc. of water was added drop- 
wise to 50 g. of Ni(N02)~.6HzO in 250 cc. of water at  25'. A solution of 6 g. of 
potassium hydroxide and 6 cc. of bromine in 500 cc. water was then added to the sus- 
pended nickelous hydroxide. The reaction mixture was allowed to stand for five hours 
with intermittent stirring, before decantation was started. Purification was carried out 
as in A. The product was dried in an oil-pump vacuum over calcium chloride for three 



days. The x-ray diagram of the product was identical with that of product A (see 
Table I, 2). The Ni/O ratio in this case was 1/1.38. compared with the theoretical 
value of lj1.5 for a hydrate of NizOa. 

TABLE 1 
X-RAY DIFFRACTION DATA 

1. Preparations A, C and D Dried in vacuo 2. Preparation B Dried +n vacuo 
1 in mm. Intensity Compd. 1 in mm. Intensity Compound 

18 m, br NizO3.2HzO 25 s, br Ni20a.2Hz0 
24 s, br NbOa.2HzO 31 s, br Ni~0~.2HzO 
3 1 s, br Ni20a.2H20 39 vs, br NizO8.2HzO 
39 vs, br NiaOa.2HzO 68 m NizOa-2HzO 
68 m N~zOS-~HOO 74 m Niz03.2H20 
74 m Ni203.2Hz0 122 m Niz03.2Hz0 

121 m NLOp.2Hz0 133 m Ni,0s.2Hz0 
132 m Ni208'2H20 ' 4. Preparation A Dried in Air at 180°C. 
143 ..ma Nis03-2Hz0 Z in mm. htensity Compd. 

155 vw N ~ z O ~ . ~ H ~ O  73 m NiO 

3. Preparation A Heated in Water at 150° 86 s NiO 
I in mm. Intensity Compd. 125 s NiO 

39.0 vs Ni(0H)a 149 mw, br NiO 
66.6 ms Ni(OH)a 157 mw, br NiO 
72 w w  NiO 219 mw, br NiO 
77.4 VS Ni(OH)2 5. Preparation C Dried in Air at  llO" C. 
87 vw NiO 1 in mm. Intensity Compd. 

104.3 m~ Ni(0H)r 37 s NizOa.2HzO 
118.2 ms Ni(0H)Z 68 wm Niz03.2Hz0 
125.3 mw Ni(OH)z 74 s NizO3.2He0, 
127 vw NiO and NiO 
138.8 vw Ni(0H)t 85 s, br NiO 
140.7 mw Ni(OH)* 121 mw Ni208.2Hz0 
145.4 mw Ni(OH)2 123 m NiO 
165.1 mw Ni(0H)a 132 mw Ni208.2Hz0 

6. Preparation El Dried in vacuo 7. Preparation Ea Prepared from El at 110°C. 
l in mm. Intensity Compd. I in mm. Intensity Compd. 

21.2 s Ni3O4-xHzO 25.0 vs Nie07.xHz0 
23.0 vs N&04.xHz0 37.8 ms Nie07.xH~0 
45.1 s NiaO4-xHnO 48.7 w Ni607.xH20 
67.8 m Ni304.xHz0 66.9 s Ni607.xH20 
69.2 m N&04.xHz0 76.0 m NieOrxHzO 
76.7 mw Nii04-xHzO 118.5 s NiaOr.xHz0 
90.5 w N404.xHzO 121.8 vw Nia07.xHz0 

120.2 ms NisO4-xHZO 125.2 vw NiaOrxHzO 
122.7 ms N&O~.XH~O 139.3 vw Ni607.xH~O 
129.8 mw Nii04.xHzO 145 vw NisOr.xHz0 
141 .6 w N&O~.XHZO 196 vw NL~O.~.XHZO 
200 vw Nia0r.xHzO 235 vw NiaOr.xHz0 
242 vw Ni804.xH~O 

1 = linear distance between corresponding lines on each side of film. The followilig 
abbreviations are used to indicate relative intensities: s, strong; m, medium; w, weak; 
v, very; br, broad. The substances to which the various reflections were assigned ap- 
pear in the columns headed "compd." 



Feb., 1933 X-RAY S T T ~ I E S  OF TRIVALENT NICKEL COMPOUNDS 53'3 

It was evident that oxidation of the suspended Ni(0H)z took place quite slowly, as 
another preparation with only a half-hour oxidation period resulted in a product of in- 
complete oxidation and showed only the diffraction of N~(OH)Z. Precipitation and 
oxidation of Ni(OH)% a t  100" produced a partially oxidized mixture showing the strongest 
diffraction lines of product A and Ni(OH)2. Lclllger oxidation periods would doubtless 
have resulted in complete oxidation. The ultimate oxidation product was the same as 
by the method A, which was quite clearly revealed by the x-ray diffraction data. 

C and D. These preparations were identical with A, except that the nitrate solu- 
tions were kept at  50 and 75", respectively, during precipitation The products were 
dried i n  vacuo for three days. The x-ray diffraction patterns in both cases were identical 
with A. The only effect of higher temperatures of precipitation was to cause incorn- 
plete oxidation. If the unoxidized portion of product C was assumed to be Ni(OH)z 
the composition of the product was expressible as 0.25Ni(OH)~~Niz0~~1.91HZO. With 
such a relatively small amount of Ni(OH)2 present (ca. 10%) no diffraction effects of this 
compound were observed. 

The product C was heated in air (water vapor pressure ca. 10 mm.) at  110' for periods 
of two, five and twenty hours. x-Ray diffraction patterns of the products (see Table I, 
5) showed lines corresponding to the diffraction of NiO, increasing in intensity as the 
time of heating was increased The original pattern became much weaker. Analysis of 
the residue after twenty hours showed the material to contain 45.5y0 NiO, 40.5y0 NiyOs, 
13y0 H20 and 0.5Yo C02, The Niz03 : Hi0 ratio was 1 : 2.9, somewhat higher than 
would be expected if the initial product was assumed to be Ni203.2HzO. However, 
about 10% of Ni(0H)Z was evidently present in the initial product C, and as this would 
not lose water at  the temperature of heating,18 some of the water in the heated product 
must have been bound to divalent nickel (calculated as NiO). 

The products A, B and C decomposed to Ni(0H)S when heated in Pyrex bomb tubes 
with water a t  temperatures of 130 to 150' for sufficiently long periods of time (several 
days). The end-products after three days heating at  150' showed very well defined 
diffraction patterns of Ni(OH)2. (See Table I, 3, and Fig. 1C.) A few of the strongest 
diffraction lines of NiO appeared with very weak intensity. This might be expected 
since the material in the center of the particles would be in poor contact with water 
atid tend to decompose as in the dry way. A portion of product A was partially decom- 
posed in water at  128". over a period of twelve hours. The analysis of the product was 
34.0% NiO, 48% NizOs, 17.1% Hz0 and 0.8% '002 showing the NizOa: Hz0 ratio to be 
1 : 1.7 on the assumption that all the divalent nickel was present as Ni(0H)z. Sincc a 
small percentage of NiO always formed in such decompositions, this assumption was not 
strictly correct. Hence the Niz03 : Hz0 ratio would fall closer to 1 : 2, if all the water 
bound to trivalent nickel was taken into account. Such a value would be in agreement 
with decomposition according to the equation 

Ni208.2HzO -+ 2Ni(OH)z + 0 

El. This preparation was identical with A, except that the nitrate solution was kept 
at  100 O during precipitation. The product was purified in the usual manner, and dried 
in  vacuo over calcium chloride for three days. The product was quite incompletely 
oxidized, the composition being 62.3% NizO8, 17.8% NiO, 19.9% '020, 0.5% C02 or 
Ni304.14.3.34 H20. The x-ray diagram of the product was completely different from 
that of product A (see Table I, 6, and Fig. ID). No l i e s  of Ni(0H)z were visible. The 
product El decomposed almost completely to Ni(OH)% when heated in water for three 
days at  150°. The end-product showed a very clear diffraction pattern of Ni(OH)t, 
and very weak NiO lines (see Table 11, 1). 

&. Product El was heated for four hours at  110" in air. The x-ray diagram of 

(18) Hiittig and Peter, Z .  anorg. allgcm. Chem., 189, 183 (1930). 



the product was completely different from that of A or El (see Table I, 7, and Fig. 1E). 
No lines of NiO or Ni(0H)Z were visible. The composition of the product was 31.4% 
NhOs, 51.7% NiO, 16.3% HZO, 0.4% COz or NiaO7.oe5.01H20. Further heating at  
110" for twenty hours caused no further change in the diffraction pattern. The product 
was heated for one day a t  140' in air. The end-product gave a diffraction pattern show- 
ing the principal lines of NiO and a weakened pattern of the original product Es. Prod- 
uct Ea also decomposed to Ni(0H)a when heated in water a t  150" for three days (see 
Table 11. 2). The pattern of the end-product was identical with that of the end- 
product of the water-decomposition of El. 

TABLE I1 
1. Preparation El Heatedin Water at 150° 2. Preparation En Heated inwater at 150' 

I in mm. Intensity Compd. I ~n mm. Intensity Compd. 

38.6 vs Ni(OH)z 39.2 vs  Ni(OH)2 
66.9 s Ni(0H)z 66.5 ms Ni(OH)? 
72 w NiO 73 mw NiO 
76.9 vs Ni(OH)Z 77 6 vs  Ni(0H)z 
87 mw NiO 88 ms NiO 

103.8 ms Ni(0H)z 104.5 ms Ni(0H)z 
117.5 ms Ni(0H): 118.1 m Ni(0H)z 
124.8 ms Ni(0H)a 125.2 m Ni(0H)z 
138.2 w Ni(0H)z 127 3 mw NiO 
140.2 m Ni(OH)2 138.3 w Ni(OH):! 
144.9 m Ni(0H)p 141 1 m Ni(OH)2 
164.3 m Ni(OH)2 145.4 m Ni(0H)z 

165 1 mw Ni(OH)z 

3 Preparation F Dried in oacuo 4. Preparation F Heated in Air at 120' 
1 in mm Intensity Compd. 1 in mm. Intensity Compd. 

25.7 vs N~~OS 'H~O 25 s ,br  Ni2O3+Hz0 
51 5 s NizOs.H2O 51 w, br Ni203.H20 
08 vw, br NitOs.Hz0 G9 vw, br Ni203,H20 
73.5 m Niz03-H~O 74 ms, br Ni2O3.Hz0 and NiO 
76 mw, br NisOs H20 87 m, br NiO 
85 vw NizOa'HaO 124 mw, br NiO 

122 vw, br NizOs-Hz0 132 m, br NizOa.HzO 
131.5 m Ni203-Hz0 
134.7 mw Ni20s-H20 
144 vw NizOs.H20 
156 vw Ni2O8-H2O 
225 vw Ni20s-H20 

Preparation F Heated in Water (Steel Bomb) at 150° 
I in mm. Intensity Compd. 

39.2 w Ni(OH)2 
Ni(OH)z 
NiO 
Ni(OH), 
NiO 
Ni(OH), 
Ni (OH) 
NiO 
Ni(OH), 
Ni(0H)p 
NiO 
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I?. Since it appeared that El was a compound containing both di- and trivalent 
nickel, and not a mixture of compounds, it was important to know the effects of further 
oxid.dtion. El was prepared as described above. After precipitation the suspended 
product was divided into two equal portions. One was purified and dried in air. The 
x-ray diffraction of this product was identical with that of El, and the composition 
of the product was 54.1% N&03, 19.8% NiO, 23.8% H20,l 9% '002 or Ni304.07 4.31H20. 
The other half of the precipitate was further oxidized at 25" by addition of a solution 
containing 20 g. of potassium hydroxide and 5 cc. of bromine in 250 cc. of water. The 
product was allowed to stand for an hour and then decanted ten times, filtered, washed 
and dried in eracuo. It was quite noticeable that this precipitate settled more rapidly 
than the previous preparations. In most cases peptization occurred on the third de- 
cantation, and a large percentage of the product was lost during decantation. In this 
preparation peptization did not occur to any great extent until the eighth decantation, in- 
dicating that the excess base was more strongly adsorbed by the product than in the pre- 
vious cases. The x-ray diffraction pattern of this product, F, was entirely different 
from any of the foregoing (see Table II ,3,  and Fig. IF). The product had the composi- 
tion Ni20s 10.1.57H20. The product was heated for ten hours a t  110'. The partially 
decomposed product contained 77.6% Ni~O3,12.30jo NiO, 8.5% Hz0 and the NizOa : Hz0 
ratio of the undecomposed material was 1 : 1.01. Faint indications of NiO lines ap- 
peared on the diffraction diagram of the heated product, along with the weakened lines 
of the original pattern. Further heating at 120' for five hours produced a mixture the 
diffraction pattern of which clearly showed the principal lines of NiO (see Table 11, 4). 
These results indicated that the product F was essentially the monohydrate of Ni?Ol, 
and decomposed according to the equation 

The product F was heated a t  150' for three days in a Pyrex bomb tube. The x-ray 
diagram of the product showed NiO l i e s  and also some new lines which must have been 
caused by the presence of a nickel silicate, since analysis showed that the end-product 
contained about 20y0 of silica The decomposition in water was repeated in a steel 
bomb, and the product gave strong diffraction lines of NiO along with very weak Ni(0H): 
lines. Comparison with the diffraction pattern of a known mixture of 20y0 Ni(OH)2 
and 80% NiO formed by decomposition of Ni203.2H20 at 160' in air showed that the 
amount of Ni(OH)z present in the end-product was less than 20%. Thus it appeared 
that the primary decomposition product of Ni20g.H20 in both air and water was NiO. 
The small amount of Ni(OH)? that formed during the decomposition in water was ap- 
parently due to impurities in the original product F. 

Discussion 

Due to their fine state of subdivision the compounds prepared in this 
work contained quite variable amounts of water. However, the analyses 
of the partially decomposed products, obtained by heating in air, coupled 
with the results of the x-;ay diffraction experiments, were successful in 
establishing for the first time the existence of compounds having the 
compositions Ni203.2Hz0 and Ni203.HzO. Although such compounds 
have been previously termed "hydrates," there is considerable evidence 
to indicate that they do not possess the properties of true hydrates. Since 
the compound NizO8-HzO was prepared in water a t  a temperature a t  which 
Niz03.2H20 was stable, and since there was no indication of formation of the 



latter compound after the monohydrate had stood in water for two weeks 
during the purification process, it was evident that the transition Ni203.- 
H20 + H20 -+ Niz03.2H20 did not take place. Furthermore, the reverse 
change did not take place when the dihydrate was decomposed by heat, 
but instead a complete decomposition took place 

The fact that the dihydrate could be prepared by oxidation of Ni(OH)%, 
and decomposed to that compound on heating in water, was not con- 
sistent with the assumption that the compound was a true hydrate. I t  has 
been impossible to prepare NiaO3 by dehydration of such compounds, 
since the loss in water is always accompanied by a loss in active oxygen. 
There is no reason to believe that the removal of water of crystallization 
would affect the oxygen linkage. On the other hand, the assumption that 
the compounds Niz03.2H20 and Ni203aH20 have the following structures 
was in complete accord with the experimental observation 

The decomposition of product F into NiO in water and air alike was 
strongly indicative of a structure of type 11. It was previously shown17 
that the transition NiO + Hz0 --+ Ni(OH)2 would not take place under 
the conditions of the above experiments, and that Ni(OH)2 was stable in 
water a t  the temperatures employed.18 Hence any NiO or Ni(0H)Z formed 
in the above decompositions must have been primary decomposition 
products. It would be expected that Ni(OH)2 could be formed directly 
from a compound of type I, but not from one of type 11, and this expecta- 
tion was borne out by the results of the decomposition of the mono- and 
dihydrates in water. Hence the above structures were satisfactory from 
this standpoint. 

Hofmann and Hiendlmaierlg reported a compound which had the com- 
position KNi02, by fusion of nickel powder with potassium peroxide. 
This was possibly a salt of the compound 11. Hydrolysis took place in 
water, and the hydrolyzed product gave the analysis Ni203-2Hz0, but part 
of this water might well have been adsorbed. The acidic nature of the 
product F was indicated by its relatively slow rate of peptization, indicat- 
ing a strong retention of base, as would be the case if a weak salt were 
formed. 

It was apparent that the method of isobaric decomposition employed by 
Hiittig and Peter1* in establishing the existence of the monohydrate was not 

(19) Hofmann and Hiendlmaier, Bet'., 39, 3184 (1906). 



Feb., 1988 X-RAY STUDIES OF TRIVALENT NICKEL COMPOUNDS 543 

conclusive, for the decomposition of the dihydrate has been shown to be 
irreversible. Their initial preparation consisted of the dihydrate, and in 
view of the present work it is improbable that they obtained the mono- 
hydrate by decomposition of this product. Furthermore, they found no 
evidence for the existence of the dihydrate, which they should have ob- 
tained had the method been reliable. Also the later work of LeBlanc 
and Muller15 supports this conclusion very strongly. 

The present results are not in accord with those of Hiittig and Peter 
in two other important respects. They found that no active oxygen 
was lost when a compound corresponding to the dihydrate was heated for 
several hours in water a t  temperatures of 120 and 200°. The product 
formed in the latter case was assumed to be the monohydrate of NizO3. 
In the present work it was found that the decomposition in water a t  
130 to 150' took place directly to nickelous hydroxide. The heating 
times were much longer than in the case of the previous work, but there 
was no evidence of intermediate compounds formed in the decomposition. 
Also the x-ray diagram of the "monohydrate" obtained by them in this 
way did not correspond to the pattern of that compound obtained in this 
work. 

The identity of the diffraction patterns of products A and B left no 
doubt as to the fact that the oxidized product was the same in each case, 
i. e.,  whether by simultaneous oxidation and precipitation, or by oxidation 
of previously precipitated nickelous hydroxide. Hiittig and Peter obtained 
differing diffraction patterns for preparations similar to  the above, and 
this might have been due to incomplete oxidation of the nickelous hy- 
droxide, since the oxidation of the suspended material was found to take 
place quite slowly. 

Little could be said as to the exact nature of the preparations El and Ez 
other than that it was evident that they were compounds containing both 
di- and trivalent nickel and not mixtures of a trivalent oxide-hydrate and 
NiO or Ni(OH)2. If El had been such a mixture, further oxidation would 
only have oxidized the divalent compounds present and left the trivalent 
compound unchanged. Thus the properties of the product would have 
changed very little due to such an oxidation. However, the results were 
quite diFferent from this. The oxidized product F not only gave a different 
diffraction pattern, but also behaved completely differently on decomposi- 
tion in water and air. Hence the original product El must have been com- 
pletely changed by the oxidation, and this would only be the case if i t  were 
a compound of di- and trivalent nickel. The chemical analyses indicated 
that the compositions of El and Ez could be expressed as hydrates of the 
hypothetical oxides Ni304 and Ni607, but their properties indicated that the 
water was bound in the compounds as hydroxyl groups. The following 
were the simplest structures which could be devised 



or Ni3O42Hz0 Mono nickelous salt of or 1/zNis07.3Ht0 
Mono nickelous (basic) ortho nickelic acid Di-nickelous (basic) salt of 

salt of I ortho nickelic acid 

It is obvious that such compounds might hydrolyze to nickelous hydroxide, 
as was observed when El and Ez were heated in water. The water con- 
tents of compounds of types 111 and IV are somewhat below the observed 
contents of El and Ez, but this does not exclude the possibility that these 
are the correct structures, for considerable amounts of water are frequently 
adsorbed by such precipitates, as shown in the previous discussion. We 
favor formula IIIa over IIIb since IV may be obtained from it without re- 
arrangement. (This transition takes place upon heating of compound 111.) 

Summary 
1. The existence of compounds having the compositions Niz03.Hz0 

and Niz03.2H20 has been shown. Characteristic x-ray diffraction patterns 
of these compounds have been obtained. 

2. The modes of decomposition of these "hydrates" in water and air a t  
temperatures of 100 to 150' have been established with the aid of x-ray 
analysis. The results indicated that the compounds were not true hy- 
drates, but contained the water bound as hydroxyl groups. Structural 
formulas have been assigned. 

3. Two compounds of nickel, oxygen and water, a t  lower stages of 
oxidation than the above, have been isolated, and their diffraction patterns 
obtained. Chemical analyses indicated that they were hydrates of the 
hypothetical oxides Ni304 and Ni607, but their behavior on decomposition 
showed them to be of a type analogous to the above compounds. Reason- 
able structural formulas have been proposed. 

BALTIMORE, MARYLAND RECEIVED AUGUST 5,1932 
PURLISHED FEBRUARY 9,1933 
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(CONTRIBUTION PROM THE CHEWISTRY DEPARTMENT OF STANFORD UNIVERSITY 1 

The Diffusion of Colloidal Electrolytes; Sodium Oleate 

Soaps afford one whole family of uni-univalent electrolytes to which the 
hypothesis of complete dissociation is not reasonably applicable.' In  very 
dilute solution they are only moderately strong electrolytes and in more 
concentrated solutions they are colloidal electrolytes. In such cases the 
high diffusion constant observed2 is a composite made up from the various 
ionic molecular and colloidal species present. The accepted formulas of 
Nernst3 and I-Iaskel14 refer, however, only to infinite dilution and that  of 
Einstein5 to uncharged spherical molecules or particles. McBain and Liu,6 
from a consideration of the principles of interionic attraction as analyzed 
in the Debye-Hiickel-Onsager theory and from experimental data for 
potassium chloride, sucrose, and potassium laurate, derived four conclu- 
sions for dealing with ordinary finite concentrations: (1) that the resist- 
ance of ions to motion, all in the same direction, is nearly independent of 
their concentration; (2) that the change in diffusion coefficient of an 
electrolyte such as potassium chloride is dependent primarily upon a 
direct proportion to the observed osmotic pressure rather than to  the 
numerical value of the activity ;7 (3) for non-electrolytes the diffusion 
coefficient is not greatly affected by the changes in viscosity with con- 
centration and, therefore, usually diminishes but slowly with increase in 
concentration; (4) that the total diffusion observed may be arrived a t  in 
good first approximation by combining additively (a) the diffusion of known 
concentrations of molecules and of uncharged colloidal particles, using the 
Einstein equation, (b) the Nernst equation (for infinite dilution) for the 
ions of a uni-univalent electrolyte but corrected for decrease in osmotic 
pressure, and (c) the Haskell formula (for infinite dilution) corrected for 
change in osmotic pressure for polyvalent electrolytes or charged colloidal 
particles together with their compensating ions. 

(1) McBain, THIS JOURNAL, 50, 1636 (1928). 
(2) (a) McBain and Liu, ihid. ,  53, 59 (1931): (b) see also Hartley and Robinson, Proc. Roy Soc., 

(London), 8134, 20 (1931); (c) Svedberg, IColloid-Z., 36, Erganzungsbd., p. 63 (1925). equations 13b 
and 14. 

(3) Nernst, Z. physik Chem., 2,613 (1888); "Theoretische Chemie," 10th ed., 1921, pp. 425431. 
(4) Haskell, Phys. Rev., [l] 27, 145 (1908). 
(5) Einstein, 2. LClektrochem., 14, 235 (1908). 
(6) McBain and Liu, THIS JOUKNAL, 53, 59 (1931). 
(7) Compare G. N. Lewis and M. Randall, "Thermodynamics and the Free Energy of Chemical 

Substances," 1623, p. 362. The approximate proportionality to the observed osmotic pressure was 
experimentally demonstrated by oholm [Z. physik. Chem., 60, 343 (1904)l over the whole range of 
concentrations of solutions of electrolytes up to several times molar. He showed the advisability of 
correcting for viscosity, but found a direct proportion an over correction; MacInnes much later pro- 
posed ?o.r. Hartley [Phd Mag., 12, 485 (1931)] osed this and compared the replacement of van't 
Hoff's i by d In a,/d In C for electrolytes in fairly dilute solution (0.1 N )  with an average discrepancy 
of over 4%. For higher concentrations he writes ". . . an exact comparison would not, in t h e  present 
state of the latter, be instructive, even if the method and assumptions of the theory could he con- 
sidered applicable in the more concentrated solutions." 



For the simple case of a highly dissociated uni-univalent electrolyte such 
as potassium chloride the diffusion codcient D in sq. cm./day is 

where U and V are the mobilities in reciprocal ohms of cation and anion; 
that is, the denominator is the sum of the resistances to movement and the 
numerator is the driving force, i being the van't Hoff osmotic coefficient. 

Their general equation for such an electrolyte, partially dissociateds 

(or ions, partially "associated), a referring to concentrations, is 

where n is the number of ions produced by the dissociation of one molecule 
or particle, n+ and n- are the valencies of cation and anion, 1/U and 
1/N are the resistance to movement of one electrochemical equivalent 
(charge of IF) in each case, whereas 1/U, is the resistance to movement 
of 1 whole gram molecule (or 60.6 X "uncharged particles") as 
defined in the Einstein equation. 

RT has the value
g 
of 0.02246 at 18' and 0.02300 a t  25O if 1/U, is expressed 

in ohms. The formula is for diffusion into pure solvent. For diffusion 
into another solution, slightly less concentrated, the gradient of osmotic 
pressure with concentration would be used. 

It follows directly from these equations that if a large particle or a 
molecule of low mobility such as a protein passes from the isoelectric 
point to become a polyvalent electrolyte, its diffusion is accelerated almost 
in proportion to the total number of ions of the polyvalent electrolyte. 
This was first derived implicitly in 1925 by S~edberg,'~ who suggested 
that diffusion might thus be used for measuring how many charges are 
carried by a single particle. 

It is interesting that the diffusion constant of mercuric chloride, 0.92, 
which admittedly consists almost entirely of molecules, is very nearly that 

(8) Owing to  the circumstance that in the special case of potassium chloride 1 /U, = 1 /U + 1 i V ,  
McBain and Liu wrote this in the equivalent form, not generally applicable 

D = 
iRT 

1 1 1  
a - , + a T + ( l - ( ~ ) ~  

They committed the algebraic error of recording D as iRT/(sum of resistances), instead of, ss in their 
actual numerical examples, keeping the added fractions separate, the numerators adding to (RT. G. S. 
Hartley's suggested emendation is obviously erroneous as may be seen if it is considered in connection 
with a weak electrolyte such as mercuric chloride or succinic acid. He multiplies the diffusion of the 
neutral molecule by the valencies of the ions into which i t  would have dissociated had it been disso- 
ciated [Phil. Mag., 12, 487 (1931)l. He states at  the top of P. 487 that McBain and Liu ignored in- 
terionic forces, having overlooked their discussion. 

(9) Values calculated from data of "International Critical Tables." 
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calculated for complete dissociation into independent ions, 0.91. The 
resistance to movement of the molecule is, therefore, one-third the sum of 
the three ions. For cadmium iodide, a stronger electrolyte, the diffusion 
coefficient for completely undissociated molecules is 0.67 as compared with 
1.18 for complete dissociation, the resistance for the molecule being 58% 
of the sum of that of the three ions. From these and other data one might 
tentatively infer that the more polar the molecule the less differences does 
dissociation cause in resistance to mvement and hence, conversely, the 
greater the importance of the mere cumber of molecules and ions present. 

The present paper supplements the above analysis of the diffusion of 
potassium l a ~ r a t e ~ ~  with more extended data for sodium oleate. Here i t  
is possible to test the effect of the linking of the primary particles of oleate 
by showing that diffusion from sodium oleate jelly into water is just as 
rapid as the diffusion of the oleate sol. 

Experimental 

The method employed was that previously des~ribed,~" in which a 
Northrop diffusion cell is filled with the soap solution which diffuses through 
a sintered Jena glass membrane into 0.0015 N sodium hydroxide to prevent 
hydrolysis. As in previous experiments the same values are obtained with 
each of the four cells used, lower values being found only with a very tight, 
slow diffusing membrane when studying the higher concentrations of soap. 
However, the values for dilute solutions, using the same slow cell, lie on the 
general curve, and it is supposed then that these finer pores became clogged 
in higher concentrations, either with soap or with fatty acid formed by 
hydrolysis. Additional tests with cells at 20 and 25O have been carried 
out and have checked the previous assumptions that different cells yield 
the same diffusion constants. 

The properties of the cells used are given in Table I. The sintered glass 
membrane was in every case 5 em. in diameter and 2 mm. thick. 

C~~ARACTERISTICS OF TEE DIFFUSION CELLS 
Designation Volume of Approx. pore Cell 

Trade Here cell, cc. radius, A. constant 

G-4 a 37.08 2 . 5  x lo4 348.2 
G-4 b 37.96 2 . 5  x lo4 170.2 
G-3 G-3 98.00 (15-20) X lo4 348.3 
G-4 W 106.9 2 . 5  x lo4 253.0 
G-4 M 105.3 2 . 5  x lo4 221.8 

The diffusion method is accurate to a fifth of one per cent. for electro- 
lytes, but for soaps the error may be increased to several per cent. owing 
to the extreme difficulty of releasing the air from the soap solutions. Early 
attempts to find the boiling point of soap solutions10 failed completely 

(10) Compare McBain and Taylor, Z. physik. Chem., 76,179 (1911). 



because of the air obstinately retained. In many of the diffusion experi- 
ments recorded here, however, only a few bubbles were developed if the 
solutions had previously been thoroughly subjected to suction. The 
experimental results are calculated by the formula developed by Liu, and 
displayed in Fig. 1, where data for sucrose and potassium laurate are 
added for comparison. New values added for 0.05 N, potassium laurate 
are D = 0.510 and 0.510. 

TABLE I1 
DIFFUSION OF ORDINARY ISOTROPIC SOLUTIONS OF SODIUM OLEATE AT 25 

Time Concn. change 
Concn. N, Cell in hours in g. equivalents D 

0 (Predicted) 0.731 
0.0250 a 56.00 0.001668 .461 

.0250 W 23.33 .000798 .463 

.0253 (h) 90.00 .001883 .49E 

.0456 (a) 47.65 .003138 .388 
G-3 47.42 .003088 ,387 
(a) 47.66 .003170 .392 

.0490 G-3 48.00 ,003212 .365 

.0503 G-3 17.74 .001282 (.368)* 

.098 M 40.81 .003303 .322 
W 40.85 .003753 .322 

.15OC (a) 41.00 .006260 .265 
(a) 24.33 .004027 .281 
G-3 22.00 .003567 ,280 

.300 (a) 19.00 ,004922 .217 
G-3 17.50 .004458 ,215 
(a) 17.63 ,004856 ( ,233) 

.376 W 22.00 .005320 ,214 
G-3 22.00 .006905 .214 

.500 G-3 26.00 .01172 ,229 
G-3 23.75 ,01235 .224 

a Mean of cells M and W. * From residue (0.328). from diffusate (0.407). " At  20". 

Discussion of Results 

We may compare the observed results (a) with the predictions of the 
Nernst and Haskell equations and (b) with values for other substances 
(see Fig. 1). Taking the mobilities of potassium and sodium from the data 
of "International Critical Tables" and that of a simple fatty ion as 23.2 and 
assuming the equivalent conductivity of the ionic micelle to be equal to that 
of the potassium ions, we calculate from the Nernst equation for complete 
dissociation into simple ions D = 0.813 for potassium laurate and D = 

0.731 for sodium oleate. Again the Haskell formula for hypothetical 
complete dissociation into a decavalent ionic micelle and 10 alkali ions 
yields D = 0.936 for the ionic micelle (plus potassium ions) of potassium 
laurate and D = 0.759 for that of sodium oleate. It is noteworthy that 
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these numbers show a distinctly higher rate of diffusion for the colloid form 
as compared with the simple ions, assuming infinite dilution in both cases. 

However, for colloidal soap this is offset by the much lower diffusion 
velocity of the undissociated colloid or neutral micelle which is present in 
even larger quantity than this ionic micelle and for which the driving force 
per colloid particle is only one-eleventh that on the ionic micelle with its 
ten compensating ions. Thus in Fig. 1 the observed diffusion values are 
mu& lower thax those calculated above because of the incomplete dissocia- 
tioo both of the simple mo!ecules in dilute solution and of the colloidal 
electrolyte in more concentrated solution. Once the colloidal electrolyte 
is fully formed, as in 0.3 N solution upward, its dsusion, like its apparent 
degree of dissociation, changes very little with concentration.ll As a 
matter of fact, the observed diffusion rate is an approximately linear 
function of the proportion of total colloid. 

- 

0 0.1 0.2 0.3 0.4 0.5 
Concentration in N,. 

Fig. 1.-The diffusion coefficients D in sq. cm./day of potas- 
sium laurate, sucrose, and sodium oleate, at 25'; A, potassium 
laurate; 0,  sucrose; 0, sodium oleate. 

A 0.025 N, sodium oleate solution contains only 1.5% of colloid, ac- 
counting for 0.011 of the observed diffusion, 0.462, leaving 0.451 for simple 
ions and molecules. The composition diagram of these solutions was 
published by McBain, Laing and Titley,I2 but the Arrhenius conductivity 
ratio was not then corrected for interionic attraction, so that the 25% 
Arrhenius dissociation (left after allowing for products of hydrolysis) really 
means about 26.3% true dissociation. This correction, however, is partly 
offset by the lowering of osmotic pressure. 26% of 0.731 is 0.190 which 

(11) This is a further confirmation of the point made by McBain that for the ionic micellrs of soap 
the charges are so widely spaced that the ionic strength of the solution is only that of a uni-univalent 
salt [THIS JO~RNAI, ,  50, 1636 (1928)l. 

(12) McBain, Laing and TitIey, Trans. Chem. Soc., 115, 1279 (1919). 



when subtracted from 0.451 leaves 0.268 due to the diffusion of simple 
molecules which comprised 61% of the total soap. Their diffusion con- 
stant Dm = 0.261/0.61 = 0.428, and their mobility from the Einstein 
formula 18.6. This is somewhat less than the mobility of the oleate ion 
(23.2), and the resistance to movement of this more strongly polar molecule 
is 85% of the sum of its two ions in accordance with the tentative rule on a 
previous page. 

In 0.5 N solution of sodium oleate the only constituents present are ionic 
micelle and its sodium ions and the neutral colloid. The Arrhenius con- 
ductivity ratio was 20%, which as a first approximation may be corrected 
by comparing it with the Arrhenius ratios for decinormal solutions,13 thus 
indicating a true degree of dissociation of about 23.5%. This again from 
the standpoint of diffusion is partly offset by the lowering of osmotic 
pressure due to interionic attraction.14 Approximately, then, the diEusion 
due to the ionic micelle and its ions may be taken as 22% of 0.759 (see 
above) = 0.167. This subtracted from the observed value of 0.226 leaves 
0.059 for the 76.5% of neutral micelle, whose diffusion coefficient is, 
therefore, 0.077 and mobility Urn is 3.35. From this, Einstein's equation 
for a spherical uncharged particle would give a diameter of only 55 A. 

The size of the primary particle of neutral colloid is, therefore, only a 
little greater for sodium oleate than for potassium laurate2" (48 A.). In 
both cases the ionic micelle, from the mobility assumed, has an effective 
diameter of 25 A. The small size of the primary particles of soap solutions 
is confirmed by measurements on light scattering to be reported elsewhere. 
It thus appears that the great difference experimentally observed between 
potassium laurate and sodium oleate is not essentially due to difference in 
size of the primary particles but to the fact that in the sodium oleate there 
is a great tendency for the formation of loose secondary aggregates. The 
light scattering does not change when sodium oleate sol sets to a clear jelly.15 
Potassium laurate, on the contrary, does not show the slightest tendency to 
gelatinize even in the presence of salts; and it passes through fine ultra- 
filters. 

Diffusion of Sodium Oleate Jelly.-Having found that the relatively 
high viscosity and ready ultrafilterability must be ascribed to loose aggrega- 
tion of the neutral colloidal particles, it becomes of great interest to note 
that this has interfered to only a very minor extent with the diffusion 
coefficient of the sol. This may be pictured as a comparison between the 
diffusibility of a number of particles loosely strung together, as in a flexible 
necklace, with their diffusibility when completely separated. McBain and 
LiuZa pointed out the remarkable fact that with sucrose a manifold in- 
crease of viscosity caused by diffusing molecules themselves only slightly 

(13) Compare Kraus, "Properties of Electrically Conducting Systems," 1922, p. 35, Table 4 
(14) Ref. 13, pp. 233, 234. 
(15) McBain and McBain, Nature, 126, 125 (1930). 



Feb., 1933 DIFFUSION OF COLLOIDAL SODIUM OLEATE 551 

affects the rate of their diffusion. Upon the same principle, the necklace 
would be expected to diffuse almost as fast as the component beads.'= 

The following experiments were carried out to ascertain how fast sodium 
oleate diffuses from the completely jellied form into water (with 0.0015 N 
sodium hydroxide). Comparative experiments were likewise made with 
other portions of the same specimen of solution which had been allowed to  
crystallize out far enough to form a hard white curd and with two inter- 
mediate samples in which only a small amount of curd fibers had sepa- 
rated. 

TABLE I11 
DIFFUSION PROX DIFFERENT SAMPLES OF THE SAME 0.5 Nw SODIUM OLEATE SOLUTION 

IN DIFFERENT PHYSICAL STATES 

State of soap Temp., OC. D in sq. cm./day 

Clear sol 25 0.221 0.221 
Clear jelly 25 .232 .228 
Cloudy gel 25 .I86 .I94 
Translucent cloudy gel 23-25 .I87 .189 
Hard white curd 22-23 .I35 .149 

It is really quite remarkable to find that soap can diffuse as fast when 
its colloidal particles are fixed as when they are fluid and free to move and 
that the diffusing power is only lessened when the amount of material 
present decreases by crystallizing out as it does in curding, which removes 
soap from solution. This finding would exclude loose aggregation as a 
noticeable cause of lessened diffusibility of colloids. 

Summary 

1. General equations for diffusion are given to comply with the experi- 
mental fact that diffusion is proportional to osmotic pressure and not t o  
activity. 

2. It is suggested that the resistance to movement of an undissociated 
molecule is dependent upon its degree of polarity. 

3. Colloidal electrolytes such as soaps exhibit high diffusion coefficients, 
which are analyzed. Primary particles of sodium oleate are not much 
larger than those of potassium laurate. The viscosity and gelatinizing 
power of sodium oleate is due to loose linking of primary particles and this 
does not appreciably affect the rate of diffusion. 

STANFORD UNIVERSITY, CALIFORNIA RECEIVED AUGUST 8, 1932 
PWLISHED FEBRUARY 9,1933 

(16) Svedberg and Chirnoaga [THIS JOURNAL, 50, 1399 (1928)l have adopted an exactly opposite 
point of view to explain'the discrepancy observed with hernocyanin between diffusion and sedimenta- 
tion velocity which, however, must become identical for sedimentation equilibrium at all concentrations. 



The Free Energy of Formation of Iodine Monobromide in 
Carbon Tetrachloride Solution 

BY DON M. YOST, THOMAS F. ANDERSON AND FOLKE SKOOG 

Introduction 

Inasmuch as the extent of dissociation of gaseous iodine monobromide 
into gaseous iodine and bromine is known,l it was considered of interest 
to determine the corresponding dissociation when all substances are present 
in a nearly ideal solvent, such as carbon tetrachloride. From such data 
the corresponding dissociation in aqueous solution can also be obtained 
when distribution experiments are made. 

In this paper are presented the resdts nf measurements on the xTapor 
pressures of iodine monobromide above its carbon tetrachloride solutions, 
together with the thermodynamic quantities calculated by combining the 
results with other known data. 

Experimental Method and Preparation of the Materials 

The vapor pressure of iodine monobromide above its solutions in carbon tetra- 
chloride was measured by passing dry nitrogen a t  constant pressure at  the rate of about 
one liter per hour through a series of bulbs containing the monobromide solution a t  
25.0". All-glass connections were used throughout. The total amount of halogens re- 
moved by the nitrogen was small compared with the amounts present in the solutions, 
and hence the concentrations were not appreciably changed. 

It was necessary in all experiments to analyze for both the total halogen and the 
iodine in order to establish the composition of the vapor. This was accomplished by 
the analyses of two separate samples. In one sample the halogens were absorbed in 
potassium iodide solution and the liberated iodine titrated with standard thiosulfate. 
this procedure serving for the determination of the total halogen. In  a second sample 
the halogens were absorbed by an excess of sodium sulfite solution, 0.5 N hydrochloric 
acid was added, and the iodide present was titrated with standard permanganate, the 
end-point being determined electrometrically.z In this latter determination a sudden 
increase in the e. m. f .  takes place when all of the sulfite has been oxidized, and a second 
increase is observed when all of the iodide has been converted to iodine. For the oxida- 
tion of all but a trace of the sulfite a more concentrated permanganate solution was used. 
It was found that this procedure could be used for quantities of iodine as small as 0.1 
milliequivalent with an accuracy of LO%',, the accuracy increasing with an increase in 
the amount determined. 

The iodine used was a product of high quality, the purity of 99.97y0 indicated by 
the manufacturer having been confirmed in this Laboratory. Bromine marked c. F. 
was twice distilled from very pure potassium bromide and then from phosphorus pen- 
toxide, and the middle fraction from the last distillation was used in the experiments. 
The resulting material was sealed in glass tubes of known weight and the tubes with their 
contents weighed. The solutions of iodine monobromide were prepared by dissolving 

(1) McMorris and Yost, Tars JOURNAL, 53, 2625 (1931). 
(2) GorbatscheE and Kassatkina, Z. anorg. allgcm. Chcm., 191, 104 (1930); Hahn, ibid., 190, 75 

(1930-1931). 
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exactly equivalent amounts of iodine and bromine in measured volumes of carbon 
tetrachloride. 

To obtain pure carbon tetrachloride the c. P. material was saturated with chlorine 
and the chlorine removed by boiling. The residue was then redistilled and the middle 
fraction collected and used in the experiments. 

Results of Experiments 

In Table I are presented the results of the experiments made to deter- 
mine the partial pressures of iodine monobromide over solutions of it in 
carbon tetrachloride. Each pressure is the average for several determina- 
tions in which the average deviation from the mean was 2%. 

PARTIAL PRESSURES O F  IODINE MONOBROM~DE ABOVE ITS CARBON TETRACHLORIDE 

SOLUTIONS 
Mole Mole Pressure 

fraction Pressure Pressure fraction P of Ratio 
IBr + In + B n  IBr + 211 IBr + Brr 4- I t  N of IBr IBr k - P / N  

0.00179 0.202 mm. 0.229 mm. 0.00165 0.198 mm. 120" 
.00390 .413 .476 .00355 .405 114 
.00805 -860 .990 .00735 .842 115 
.0108 1.17 1.32 .0100 1.15 115 
.0224 2.36 2.68 .0207 2 .32  112 

Mean 114 
" This value was not included in estimating the mean. 

That Henry's law, P/N = constant, is obeyed over a considerable range 
of concentration, is evident from the values of the constant given in the 
last column of the table. 

In all experiments the vapor contained an excess of bromine, this excess 
being due to the presence in the solutions of free bromine, which results 
from the dissociation of the iodine monobromide. Under the assumption 
that the free bromine in the vapor is, to a first approximation, equal to the 
excess found, and by using for the Henry's law constant PBr/NBr for bro- 
mine in carbon tetrachloride solution the valueS 409, expressed in milli- 
meters, an approximate value for the mole fraction of free bromine in solu- 
tion was calculated. Since iodine and bromine were present in equivalent 
amounts in solution the mole fraction of free iodine was equal to that of 
the bromine. The partial pressure of iodine, calculated by employing the 
value4 26.9 for the constant of Henry's law, was used to correct the partial 
pressure of free bromine. A second approximation was found unnecessary. 

It is also possible to estimate the composition of the vapor by applying 
the known value for the dissociation constant of iodine monobromide to 
the results of the analyses. The two methods of calculation lead to the 
same result within the limits of experimental errors. The method used 

(3) Lewis and Storch, Tars JOURNAL, 39, 2544 (1917). 
(4) This value was calculated from known values for the solubility of iodine in carbon tetrachloride 

and the vapor pressure of the solid at  25.0°. Jakowkin, Z. Ohysik Chem., 18, 588 (1885); Baxter 
Hickey and Holmes, THIS JOURNAL, 29, 127 (1907). 



above makes possible an independent evaluation of the extent of dissocia- 
tion of the monobromide both in solution and in the gaseous state, and 
it was for this reason that it was chosen. I t  must be noted, however, that 
small differences between large quantities are involved and consequently 
the dissociations so calculated are subject to much greater errors than those 
given below. 

The free energy changes accompanying the following changes in state 
were obtained directly from the literatures or by an application of the rela- 
tion 

AF& = -RT In K 

to the known values K, 0: vapor pressures, solubilities and constants of 
Henry's law. The Henry's law constant @ / N  for the iodine monobromide 
is 114/760, the numerator being the mean value given in Table I. 

3 1 2  (s j  + $Brz (1) = IBr (gj AFig8 = 903 ~ a l . ~  (1) 
9 2  (in CC14) = fIe (s) AF& = -1330 c A 6  (2)  
4Brz (in CCII) = 3Brz (1) AF = -195 ~ a 1 . ~  (3) 
IBr (g) = IBr (in CC4) AF& = - 1124 cal. (4) 

Hence, +I2 (in eel,) + ;Brt (in CCt) 
= IBr(in CCla) AF& = - 1746 cal. ( 5 )  

The final value, -1746 cal., for the free energy change accompanying 
reaction (5) is nearly equal to the value, - 1790 cal., for the corresponding 
reaction where all substances are in the gaseous state. Both values are 
subject to an error of *50 cal. The approximate equality of the free 
energies of the monobromide under these radically different conditions is 
of considerable interest because it indicates that the effect of the solvent on 
the three substances involved is much the same. 

It is to be noted that the concentration units used above are mole frac- 
tions but since the equilibrium constant for reaction (5) is independent of 
the units used, the same constant may be employed in calculations in which 
the concentrations are expressed in moles per liter or moles per thousand 
grams of solvent. The value for the equilibrium constant for reaction (5) 
a t  2 5 O  is 19.0 and the degree of dissociation of the iodine monobromide is 
9.5%. 

From the data given in Table I it is possible to determine independently, 
but not with great accuracy, the degree of dissociation of the iodine mono- 
bromide both in solution and in the gaseous state. The degrees of dissocia- 
tion so calculated are 8 and 7% for the solution and gas, respectively, and 
agree satisfactorily with the corresponding more accurate] values of 9.50 
and 8.9%, respectively. 

In Table I1 are presented the thermodynamic constants of iodine mono- 
bromide. The standard reference states are indicated in each case. 

(5) Lewis and Randall, "Thermodynamics and the Free Energy of Chemical Substances," Me- 
Graw-Hill Book Co., Inc., New York, 1923, p. 516. 

(6) Calculated from solubility data, Jakowkin, 2. Bhysik. Chcm., 18, 588 (1895). 
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TABLE I1 
THERMODYNAMIC CONSTANTS OF IODXNE MONOBROMIDE AT 25O 

Reference 
Substance substancee Free energy. cal. 

IBr (g) 11 ( s ) ~  Br2 (1) 903 
IBr (g )  IZ (g). BIZ (g) - 1790 
IBr (in CC4) Is (in CCL), Bra (in CCla) - 1746 
IBr (in CClS 1s (s), Bra (1) - 221 
Ia (in CCL) Ia (g) -1970 
IBr (in CC14) IBr (g) -1124 
Bra (in CClr) Rrz (g) - 366 

The Stability of the Iodine Dibromide Ion, IBr2- 

A large number of distribution experiments were made in which the sol- 
vents were carbon tetrachloride and aqueous solutions of hydrobromic and 
perchloric acids in order to determine the stability of the iodine dibromide 
ion, IBr2-. That there is a fairly strong tendency for the formation of this 
complex ion was shown by the fact that the monobromide dissolved much 
more freely in the hydrobromic acid than in the perchloric acid solutions. 
The results of experiments in which perchloric acid solutions were used 
showed that the reaction 

I2 + 5Br2 + 6H20 = 12H+ + 210s- + 10Br- 

took place, and the bromide ion formed led to the formation of IBr2-. 
This complication rendered the values obtained for the distribution ratio 
of free iodine monobromide between the acid and carbon tetrachloride of 
doubtful significance. I t  is therefore impossible, a t  this time, to make more 
than a qualitative statement regarding the stability of the iodine dibromide 
complex. Its stability is shown roughly by the rather consistent value 
300 = (IBrz-)/(IBr) (Br-), for the equilibrium constant. 

Summary 

The partial pressures of iodine monobromide above its carbon tetra- 
chloride solutions have been measured at 25.0' and the constant of Henry's 
law, k = PIBr/NIBr, found to have the value 114 where the pressures are 
in millimeters. 

From this result combined with known thermodynamic data it was found 
that the standard free energy change for the reaction $12 (in CCW -t- 
$Brz (in CCC) = IBr (in CCQ is -1746 cal. a t  25O. This value is 
nearly the same as that for the reaction $Iz(g) + ;Brz(g) = IBr(g), 
namely, - 1790 cal. The degree of dissociation of iodine monobromide in 
carbon tetrachloride solution is 9.5%. The standard free energy change 
for the reaction $Iz(s) + 4Br2(1) = IBr (in CCW at 25' is -221 cal. 

PASADENA, CALIFORNIA RECEIVED AUGUST 8, 1932 
PUBLISHED FBBRUARY 9.1933 



Invertase Action as a Heterogeneous Reaction 

Introduction 

Catalysts of various sorts have been known and investigated for many 
years. In their efforts to determine the mechanisms by which these 
various agents can change the rate of a given reaction, investigators have 
been led to two points of view. With respect to enzymes, these points of 
view have resolved themselves into the question of whether the reaction 
is homogeneous or heterogeneous in nature. Since catalysts affect the rate 
of a reaction, many attempts have been made to determine the mechanism 
by %sans of reaction kinetics studies. 

Most investigators in the field of enzyme action have applied the mass 
law to what is assumed to be a homogeneous system. This method of 
approach has led to an explanation of many observations that have been 
made by a multitude of investigators from time to time, and, consequently, 
has led a large group of workers to believe that enzyme reactions are homo- - geneous in nature. On the other hand, this method of approach has not led 
to a complete explanation of all the observed facts. For example, Nelson 
and Griffin1 showed that not only was invertase active in solution, but it 
was also active while adsorbed on charcoal, demonstrating that the action 
may be of a heterogeneous nature. This, as well as the fact that the 
enzyme itself is of a colloidal nature, led Nelson and Vosburgh2 to consider 
the action of invertase in hydrolyzing sucrose as a reaction of a hetero- 
geneous rather than of a homogeneous nature. It should be mentioned, 
too, that Bayliss3 also considered enzyme action as heterogeneous, and 
suggested that adsorption played a part in the reaction; but his views 
proved to be unsatisfactory. These various suggestions and methods of 
approach have not led to a picture which on the whole is as acceptable as 
that offered by Michaelis and Menten4 from the homogeneous viewpoint. 

This is due, to some extent at least, to the fact that equations which have 
been derived in the past from the heterogeneous viewpoint have not suc- 
cessfully explained the kinetics of enzyme reactions. In recent years, 
much progress has been made in understanding those gas reactions which 
take place at  the surfaces of certain inorganic catalysts by recognizing that 
the seat of such reactions lies in the layer of adsorbed molecules on the 
surface of the catalyst. With invertase as an example and assuming the 
invertase-sucrose-water system to be heterogeneous in nature, it is the 

(1) Nelson and Griffin, THIS JOURNAL, 38, 1109 (1916). 
(2) Nelson and Vosburgh, ibid., 39, 790 (1917). 
(3) Bayliss. Biochem. J., 1, 175 (1906). 
(4) Michaelis and Menten, Biochem. 2.. 49, 333 (1913). 



purpose of this paper to utilize these new ideas in showing that the experi- 
mental facts can be explained just as well from the heterogeneous as from 
the homogeneous point of view. Since the homogeneous view is so well 
known, and can be found discussed in full elsewhere,= the remainder of this 
paper will deal entirely with the presentation of the heterogeneous view. 

Theoretical Introduction 

While there 3s no need to give here a complete discussion of the ideas6 

that have developed around heterogeneous reactions, it may be useful to 
give at  this time a brief survey of those principles which will later be em- 
ployed in discussing the facts of invertase action. The active mass in a 
heterogeneous reaction is not the total amount of a given substance present, 
as it is in a homogeneous reaction, but is, according to the chemical ad- 
sorption theory, that part of the total mass which is actively adsorbed on 
the surface of the catalyst. Since only those molecules which are adsorbed 
by the catalyst react, the problem resolves itself into that of determining 
how much is adsorbed. If it be assumed that this can be more or less 
accurately determined by means of what is called the Langmuir7 adsorption 
isotherm, which may be expressed in terms of concentration c, a constant b, 
and the fraction of the surface covered 8, as 

bc e = -  
1 + bc (1) 

a number of kinetic equations may be derived. Such an adsorption iso- 
therm may, in the general case, be represented by a curve as is shown in 
Fig. 1. This shows that over the I I 

to cover the surface of the catalyst V J 
Concentration. with adsorbed reactant, the rate of re- 

action should be constant. On the Fig. 1. 

other hand, over the portion represented by C, the amount of reactant 

section A the catalyst is completely 
covered, a unimolecular according layer to the of theory, adsorbed with 2 4 
molecules, but less and less covered at 2 
B and C. Moreover, as long as the 
concentration of the reactant in the a 
solution is a t  a s&ciently high level * 

adsorbed, and consequently the active mass, is practically proportional to 

/,- 
the total concentration of reactant. Under such conditions, the reaction 

(6) See Chap. V, "The Course of Enzymatic Reactions," of "Enzymes" by Haldane (1930) for a 
discussion of the methods employed in deriving from the homogeneous viewpoint equations which are 
similar to those that will be derived and used here. 

(6) For a fuller discussion of these principles, see, for example: (a) Hinshelwood, "Kinetics of 
Chemical Change in Gaseous Systems"; (h) Taylor, "Treatise on Physical Chemistry," Chap. XV. 
2d ed. 

(7) Langmuir, Tars JOURNAL, 88, 2221 (1916). 



should be unimolecular in nature. A reaction progressing along the section 
indicated by B should show an order which gradually changes from zero 
to unimolecular. Finally, if a reaction started in the region A, and was 
followed to completion, the reaction should give a constant rate, or zero 
order, a t  first, but decreasing constants thereafter, increasing unimolecular 
constants over the first and middle portions, and regular unimolecular 
constants during the last part of the reaction. In a general case, where a 
is the original amount of the reactant, x the amount of product at time f ,  
k and b constants, the rate of such a reaction may be expressed as 

d x  k ( a  - x )  a  bx 
= 1 + b(a - x)' or k = 1 / t  In - a - x + t  

But the above equation does not take into account the inhibiting action 
of the products of a reaction, and since the products do inhibit the hy- 
drolysis of sucrose, equations should. be derived to fit those conditions. 
The simplest case of this sort is the one that has an amount of adsorbed 
reactant which is proportional to the total concentration, namely, over 
section C of Fig. 1. Under such conditions, the amount of active mass of 
the reactant is equal to the product of that amount which would ordinarily 
be adsorbed (in this case, proportional to the total concentration of the 
reactant) and that fraction of the total surface which is not covered by the 
product. That fraction of the surface which is covered by the product is 
given by equation 1. The fraction of the surface which is available for the 
reactant is equal to 

Therefore, the rate under such conditions is equal to 

- dx  = ---- kl (a  - ' 1  or kz =: l / t  ln A - KSX 
dt 1  + bx a - x  t 

Since the products inhibit the hydrolysis of sucrose with invertase, it 
should be expected that this equation would hold over the last part of the 
reaction, and it will be shown that it does. 

At the beginning of the reaction, where the reactant is in sufficient 
concentration to cover all the surface left for it by the adsorbed product, 
the rate should be proportional to the product of the amount of surface 
available for the reactant and the amount (in this case, constant) of the 
reactant which would be adsorbed in the absence of any product. Thus, 
the rate is equal to 

It will be shown that this equation holds for a considerable fraction of the 
invertase reaction. 

The final problem, however, is to obtain a single equation that will 
represent the rate of hydrolysis from the beginning to the end of the re- 



Feb., 1933 INVERTASE ACTION AS A HETEROGENEOUS REACTION 559 

action. In their studies of the adsorption of gas mixtures by silica, Mark- 
ham and Benton8 found that in general the fraction of the surface covered 
by one gas of a binary mixture followed an equation which is slightly 
different from equation 1. Considering the reactant and product as such 
a mixture, and using the same terms as before, the following equation ex- 
press- the fraction of the enzyme surface which is covered by the reactant. 

Under such conditions, thereefore, the rate is equal to 
dx kda - x )  l + a c l n ~  ( b - G ) X  
Z = 1 + b(a  - x )  + cx or k5 - 7 a - x  + ---- t (7)  

I t  will be noticed that equation 7 may be reduced to the same form as 
equation 2. Perhaps i t  is for this reason that various workers have found 
that the course of the reaction agreed well with equation 2, which was 
obtained by others from the homogeneous viewpoint as well as here without 
considering the products. Further, it  should be pointed out that equation 
7 reduces to equation 4 toward the end of the reaction, where the value of 
b(n - x )  becomes small in comparison with the other terms. 

Experimental Methods 
Before the actual results are presented, the methods and types of appa- 

ratus employed will be recorded. While no new or unusual methods were 
used, all recognized methods for obtaining accurate results were carefully 
observed as far as was possible. The details of such methods are as follows. 

The sucrose used in these experiments was prepared by recrystallizing ordinary 
cane sugar a t  room temperature by adding enough absolute ethyl alcohol to a saturated 
water solution of cane sugar to make the concentration of alcohol about 75% by volume. 
The precipitated sucrose was filtered off, washed several times with absolute alcohol, 
and dried at  room temperature. F m h  solutions were prepared from this preparation 
just before a hydrolysis was begun by adding to the necessary amount of sugar 25 cc. 
of buffer and enough distilled water to make the volume 500 cc.; 400 cc. (half quantities 
were sometimes used) of this solution was placed in a glass-stoppered bottle and allowed 
a half hour to come to temperature equilibrium in a water thermostat. accurate to  
*0.02O, before the reaction was started by pipetting a given quantity of enzyme into the 
reaction solution. Twenty cc. samples were pipetted from the reaction mixture and run 
into 5 cc. of 0.2 M sodium carbonate a t  room temperature in order to stop the reaction 
and to hasten mutarotation. Two drops of 40% sodium hydroxide were used instead 
of the sodium carbonate in the case of 3% sugar solutions. The delivery time of the 
pipet was ten seconds, and the mean of this value was taken as the time of taking the 
sample. 

Two buffer solutions were used: PH 4.7 was obtained with a 0.1 N sodium acetate- 
acetic acid solution, and P a  6.4 and 7.4 were obtained with Clark and Lubda acid potas- 
sium phosphate-sodium hydroxide buffer solutions. The invertase was prepared from 
yeast according to the method suggested by Morrow,lo and a 2.6% solution was used. 

(8) Markham and Benton, THIS JOURNAL, 53, 497 (1931). 
(9) See Clark, "The Determination of Hydrogen Ions," 1928, 3d ed., p. 192. 
10) Morrow, "Biochemical Laboratory Methods," 1927, p. 281. 



All readings were taken at  room temperature in a 2-dm. tube. A high grade, triple- 
field Schmidt and Haensch polarimeter, calibrated to 0.01 O, was employed. While the 
room temperature varied from day to day by as much as four degrees, such changes 
were followed, and it is believed that they did not produce trends in the readings, for all 
readings were generally made within a narrow temperature range. A @ b  Arc, with a 
Corning Glass filter to give the 5461 A. line, was used as a light source. Rotations due 
to strains in the cover glasses were avoided by rotating the tube between readings. 
Readings were always taken until mutarotation was complete, as indicated by the con- 
stancy, within 0.01 ', of polarimetric readings over a period of ten minutes. The initial 
rotation was synthetically determined by taking 20 cc. of a mixture of the original sugar 
solution with a proportionate amount of water to correspond to the amount of invertase 
which was added to the reaction solution. The invertase had no measurable optical ac- 
tivity. After allowing the reaction to run for one or two days, the rotation a t  the end 
of that time was considered as the final value. These values agreed within the ex- 
perimental error with the theoretical amounts. The initial concentration of the su- 
crose, in terms of degrees of rotation, was taken as the initial rotation minus the final 
rotation; and the concentration of the sucrose a t  any time t was taken as the rotation 
a t  that time minus the final rotation. 

Experimental Results 

The Beginning of the Reaction.-It was found, as so many investiga- 
tors have found, that the initial part of the hydrolysis proceeded with a 
constant rate, and continued to do so up to about ten per cent. hydrolysis. 
If the products did not inhibit the reaction, one would expect the rate to 
remain constant so long as the amount of sucrose adsorbed by the invertase 
is constant; but with the products inhibiting the reaction, the rate, under 
normal conditions, should gradually fall off. Equation 5 was derived to 
fit these conditions, and the following values in Table I show that the 
equation holds over a considerable portion of the reaction. Other values 
will be found in column 6 of Table IV. 

Run 9: 1.0 cc. enzyme per 
400 cc. of 6% sucrose 

k = 

Time. z % + 0.04522 - Time, 
mm. 'Rot. Hydro. t t mln. 

0 0.00 0 . 0  . .. 0 
10 1.26 12.9 0.133 15 
20 2.42 24.8 .I34 30 
40 4.44 45.4 ,133 60 
60 6.10 62.3 ,130 90 
90 7.82 79.9 .I28 120 
m 9.79 . . . . .  m 

Run 11: 1.0 cc. enzyme per 
400 cc. of 10% sucrose 

Different Amounts of Enzyme.-Figure 2 gives a series of curves which 
shows how the unimolecular constant, as calculated from km = l / t  log 
a/(a - x ) ,  varies as the reaction progresses. I t  will be noticed that the 
constants increase until about 93.5% of the sucrose has been hydrolyzed, 
and then decrease over the remainder of the reaction. Since the tempera- 
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ture, PH, sucrose concentration, and water concentration were the same, 
and only the amount of enzyme was varied in these experiments, i t  must 
be concluded that the maxima, which come at  approximately 93.5% hy- 
drolysis in aU the cases, are independent of the amount of enzyme present. 

The well-recognized fact that the rate of hydrolysis for a given concen- 
tration of sucrose is proportional to the concentration of enzyme present 
is also illustrated in the curves. This would be expected, for the enzyme 
vr7M adsorb twice as much of the reactant as half that amount of enzyme 
will adsorb under the same conditions, and, since the rate is proportional 
to the amount of reactant adsorbed by the catalyst, the rate of hydrolysis 
should be twice as great in the former as in the latter case. 

3 

0 20 40 60 80 100 
Percentage hydrolysis. 

Fig. 2.-400 cc. of 6% sucrose, PH 4.7,25', with varying amounts 
of enzyme: Curve A, run 10,2.0 cc. of invertase; Curve B, run 13, 
1.0 cc. of invertase; Curve C, run 12, 0.5 cc. of invertase. 

Different Amounts of Sucrose.-It will be noticed that the curves of 
Fig. 3 show the same general properties as those of Fig. 2. On the other 
hand, the additional fact is brought out that while the unimolecular con- 
stant goes through a maximum at a definite per cent. hydrolysis for a given 
initial sucrose concentration, irrespective of the amount of enzyme present, 
each sugar solution gives a maximum which depends on the initial con- 
centration of the sugar. The maximum comes at 96Yo hydrolysis for 10% 
sucrose, at  93.5% hydrolysis for 6% sucrose, and a t  about goy0 hydrolysis 
for 3y0 sucrose. These values indicate that the unimolecular constant goes 
through the transition period when the amounts of sucrose present in the 
solution are 0.40, 0.39, and 0.30%, respectively. 



DitTerent PH Values.-Besides the very interesting fact that the rate 
of hydrolysis markedly decreases with an increase in the PH of the solution 
from 4.7 to 7.4, the curves of Fig. 4 also show that the unimolecular con- 
stant goes through a maximum a t  different percentages of hydrolysis for 
different values of PH. For 6% sucrose solutions, the maximum occurs a t  
93.5y0 hydrolysis for PH 4.7, at 91.5% hydrolysis for .PH 6.5, and a t  86.5% 
hydrolysis for PH 7.4. From these values, therefore, it must be concluded 
that besides decreasing the amount of sucrose adsorbed by the invertase, as 
indicated by a decrease in rate, an increase in PH from 4.7 to 7.4 also modifies 
the general shape of the adsorption isotherm so that the isotherm reaches its 
saturation value a t  higher sucrose concentrations with higher values of PH. 
It is not known how the surface of the enzyme particles varies with PH, but 
it seems reasonable to suppose that the active surface varies considerably 
with - i D ~ ;  and hence contributes to the above mentioned variations. 

0 20 40 60 80 100 
Percentage hydrolysis. 

Fig. 3.--400 cc. of sucrose, PH 4.7. 25', with varying sucrose 
concentrations: Curve A, run 17, 10% sucrose, 2.0 cc. of in- 
vertase; Curve B, run 13, 6% sucrose, 1.0 cc. of invertase; 
Curve C, run 15, 3% sucrose. 0.5 cc. of invertase. 

Effect of Temperature.-It is a well-recognized fact that the higher the 
temperature the higher the concentration a t  which an adsorption isotherm 
reaches its saturation value. In view of this fact one would expect that. 
for a given initial sucrose concentration and a t  the same PH, the maximum 
of the unimolecular versus percentage hydrolysis curve would come a t  a 
lower percentage of hydrolysis the higher the temperature. The curves of 
Fig. 5 show that this is actually the case; for, if the curves of Fig. 5 are 
compared with those of Fig. 4, it will be noticed that with an initial sucrose 
concentration of 670 the maximum is shifted from 93.5y0 hydrolysis to 
89.0yo hydrolysis at  PH 4.7, and from 86.5y0 hydrolysis to 75.0% hydroly- 
sis a t  PH 7.4, for a ten degree rise in temperature. It should be pointed out 
that, since the dispersion of colloids is affected by temperature, some of this 
change is probably due to a change in the enzyme surface. 
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The End of the Reaction.-Throughout the results that have been 
given, it has been assumed that the variations of the unimolecular constant 

0 20 40 60 80 100 
Percentage hydrolysis. 

Fig. 4.-400 cc. 6% sucrose, 25'. at various PH values: 
Curve A, run 13. PH 4.7, 1.0 cc. of invertase; Curve B, run 19, 
PH 6.5 1.0 cc. of invertase; Curve C, run 21, PA 7.4, 4.0 CC. 
of invertase. 

with percentage hydrolysis are real and that they are the result of the 
reaction itself. Previous investigators1' have obtained one or a few uni- 
molecular constants which showed a decreasing tendency toward the end 
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Percentage hydrolysis. 
Fig. 5.--400 cc. 6% sucrose, 35": Curve A, run 25. PH 4.7, 1.0 
cc. of invertase; Curve B, run 24, PH 7.4, 4.0 cc. of invertase. 

of the reaction, but they have neglected them as due to a destruction of the 
enzyme by means of heat or as due to experimental error. The fact that  

(11) Auden and Dawson, Biochem. J., 26, 1909 (1931). 



the maximum in the unimolecular constants for a given initial sucrose 
concentration comes a t  the same percentage hydrolysis, irrespective of the 
velocity of conversion, indicates that the enzyme is not destroyed a t  the 
temperatures used in this investigation. On the other hand, while it must 
be said that the experimental error toward the end of the reaction is larger 
than a t  the beginning, it is felt that a much larger error than was actually 
present would have to be assumed in order to change the general trend of 
the curves. The most striking part of the curves, however, is the definite- 
ness with which the unimolecular constant decreases toward the end of the 
reaction. I t  is for this last part of the reaction that equation 4 was derived 
to fit Due to the fact that only a few points could ordinarily be obtained 
within this range of hydrolysis, only a few constants could be calculated. 

TABLE I1 
RESULTS FOR 25" AND PH 4.7 

Run 12: 0.5 cc. enzyme Run 17: 2.0 cc. enzyme 
per 400 cc. 6% sucrose per 400 cc. 10% sucrose 

k ,  = k - km = k  = 

Time> %,; l / t  log -5- Titpe. a  - x  l / t  log a, 0 . 0 6 9 ~  
min. k m - -  t  man. O ~ o t .  k m - 7  

Time, 
nun. 

0 
15 
30 
60 
80 

100 
120 
140 
170 
200 
240 

TABLE I11 
RESULTS FOR 35 

Run 24: PH 7.4; 4.0 cc Run 25: PH 4.7; 1.0 cc. 
enzyme per 400 cc. 6% sucrose enzyme per 400 cc. 6% sucrose 

km - k = km = k  - 
:got l / t  log L?- a - x  k m - t  033x Time, a  - x  lit log 0 . 0 8 9 ~  

nun. ORot. a - x  k m - 7  

9.73 ..... . . . . .  0 9.85 . . . . .  ..... 
. . . . .  8.05 0.00549 10 7.99 0.00909 ..... 

6.54 .00575 . . . . .  21 6.10 .00991 . . . . .  
4.28 .00594 . . . . .  40 3.63 .01084 . . . . .  
3.22 .00600 . . . . .  60 1.95 .01172 . . . . .  
2.43 .00603 ..... 75 1.21 .01214 ..... 
1.90 .00591 0.00376 90 0.81 ,01205 0.00310 
1.50 ,00578 .00384 110 .49 .01185 .00428 
1.07 .00564 .00396 140 .35 .01035 .00431 
0.80 .00543 .00396 180 .23 .00906 .00431 

.60 .00504 ,00378 
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However, the values in Tables 11, I11 and IV show that equation 4 holds 
remarkably well. 

Summary of Results.-In the preceding sections, it has been pointed 
out that the velocity of hydrolysis is constant for about the first 10% 
hydrolysis, but later decreases; that the unimolecular constant increases 
to a maximum and then decreases as the reaction progresses; that this 
maximum value changes in a regular manner with PH, temperature, and 
initial concentration of sucrose, but,not with the amount of enzyme present; 
and, finally, the various equations which were derived in the theoretical 
introduction have been applied to the data. As a final suminary of the 
results, however, Table I V  shows how those equations hold for a single 
hydrolysis. I t  will be noticed that equation 7 holds fairly well over most 
of the reaction, that equation 4 holds over the last part of the reaction, 
and that equation 5 holds well over the first half of the reaction. In other 
words, each equation holds over that part of the reaction which it is 
theoretically supposed to Jit. 

TABLE IV 
RUN 2 AT 25O AND PH 4.7: 0.5 Cc. OF ENZYME PER 400 CC.  OF 6y0 SUCROSE 

General Discussion 
The Role of Water.-The foregoing results are in agreement with the 

recognized fact that the initial velocity of hydrolysis increases to a maxi- 
mum as the initial sucrose concentration is increased to about G%, and de- 
clines as the sucrose concentration is increased above that amount. Nelson 
and Schubert12 showed that the velocity of hydrolysis for strong sucrose 
solutions decreased as the water concentration decreased, and stated 
"that the concentration of water is a factor in determining the magnitude 
of hydrolysis of sucrose by invertase," but they did not show how the water 
is a determining factor. While Henril3 regarded the enzyme as containing 

(12) Nelson and Schubert. THIS JOURNAL, 60, 2188 (1028). 
(13) Nenri, Z. physik. Chem., 61, 27 (1905). 



some of the water, i t  seems that water, as a controlling factor in determining 
the velocity of hydrolysis, has been rather generally neglected. Moreover, 
following the views of Michaelis and M e n t e ~ ~ , ~  it has become ctlstomary to 
explain the increase in initial velocity up to about 6% sucrose concentration 
as due to increasing amounts of sucrose combined with the enzyme. On 
the other hand, investigators seem to have forgotten the fact that the initial 
velocity during this range of sucrose concentration is zero order, and that 
the velocities can only be of that order "when the enzyme is saturated with 
respect to sucrose, which, according to the views of Michaelis and Menten, 
is the case only a t  considerably higher sucrose concentrations. 

From the chemical adsorption view, which requires that both the water 
and the sucrose must be adsorbed before the enzyme can influence the 
velocity of the combination, water occupies a special position. Except in 
solutions with high sucrose co~centrations, water is always present in large 
excess. Consequently, the amount of water used up in a given reaction is 
negligible, and, hence, the amount of water adsorbed by the enzyme re- 
mains essentially constant. Therefore, for a given hydrolysis, water plays 
no important part in the manner in which the velocity changes as the 
hydrolysis proceeds. On the other hand, since the amount of water present 
does vary from one initial sucrose concentration to another, water does play 
an important part in determining the velocity with which the hydrolysis 
will go a t  different initial sucrose concentrations. 

If i t  be assumed that water is adsorbed in preference to sucrose, the 
facts can be explained in this manner. Water molecules will then be 
adsorbed and will cover the surface of the invertase according to their 
concentration; and sucrose molecules will saturate, even a t  quite low 
sucrose concentrations, that part of the surface which is not covered by 
water. At low (less than 6%) initial sucrose concentrations, where the 
water concentration is high, more water is adsorbed than sucrose; but a t  
high (greater than 6%) initial sucrose concentrations, where the water 
concentration is lower, more sucrose and less water are adsorbed. The 
maximum velocity would occur a t  an optimum ratio of adsorbed sucrose to 
adsorbed water, and the velocity should fall off from this value for both 
higher and lower initial sucrose concentrations. Furthermore, on the 
basis of such a mechanism, it is possible for the amount of adsorbed sucrose 
to  reach a saturation value for practically any initial sucrose concentration, 
and, hence, give a constant rate a t  the beginning of each hydrolysis. 

Inhibition.-The manner in which invert sugar inhibits the hydrolysis 
deserves special mention. It has been pointed out that the reaction 
proceeds as a zero order reaction for about the first 10% of hydrolysis. 
This indicates that the products of the reaction are not adsorbed by the 
invertase and do not inhibit during that time, for they could only inhibit 
the reaction by occupying some of the enzyme surface which would ordi- 
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narily be active. At least three factors contribute to this delay in the 
inhibition of the reaction: first, the mutarotated or ,!?-forms of the invert 
sugar inhibit to a greater degree than the a-form~;'~ second, the slow rate of 
transformation of the a-form to the @-form produces a t  a given time a 
smaller quantity of the inhibiting substances than the equilibrium 
amount;I5 third, the inhibiting substances may not only be slowly adsorbed, 
but there may be an induction period before adsorption occurg.16 All of 
these factors would be more noticeable at the beginning of the reaction, 
because there the velocity of the hydrolysis reaction is a t  its maximum, 
mutarotational velocities are slowest, and the products (in the presence of 
large quantities of sucrose) would have more difficulty in being adsorbed 
by the invertase. 

On the other hand, it must not be forgotten that these factors should 
also be considered during the entire reaction in determining the correct 
concentration of products which are responsible for the inhibiting action 
at a given time. In view of the many factors controlling the amounts of 
products which are adsorbed by the enzyme, it is somewhat surprising that 
equations 4 and 5 hold as well as they do. However, over a short portion 
of the hydrolysis, and especially toward the end of the reaction where the 
rate factors are favorable, the amounts of inhibiting substances which are 
active are probably more or less proportional to the total quantity of 
products present. While equation 7 does not fit over the entire reaction, 
it does express the course of the reaction remarkably well. It is quite 
possible that the Langmuir isotherm does not fit over the entire range, and, 
hence, is the root of the difficulty; but it is more probable that most of the 
trouble is due to an unaccountable variation in the inhibiting action of the 
various products. Moreover, it is absolutely necessary to know what the 
concentrations are of those products which inhibit at any given time during 
the hydrolysis in order to develop for the reaction a theoretica1 equation 
that will fit from the beginning to the end of the reaction. 

Summary 
1. Assuming that sucrose and water are adsorbed by invertase and that 

the seat of the reaction is in this adsorbed phase, a theoretical treatment of 
the kinetics of the reaction has been given from that point of view. 

2. It has been shown that the unimolecular constants increase a t  first 
as the reaction progresses, and then decrease toward the end of the reaction. 
The influence of the amount of enzyme, PH, initial sucrose concentration, 
and temperature on this maximum is shown. 

3. An explanation of the role water plays in influencing the initial 
velocity of hydrolysis has been advanced. 

(14) For example, see Nelson and Bodansky, THIS JOURNAL, 47, 1624 (1925). 
(15) Compare with Pennycuick, J .  Chem. Soc., 126, 2049 (1924). 
(16) The recent results of Benton and White [Tms JOURNAL, 54, 1820 (1932) 1 with hydrogen and 

iron indicate that an induction period is possible in the adsorption process. 



4. The inhibiting action of the products and its importance in obtaining 
a general kinetic equation for the reaction has been discussed. 
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The ~ e b y e - ~ i i c k e l  Ion Size Parameter in Terms of Individual 
Ionic Radii. The Activity Coefficient of Lead Chloride in 

Solutions of Cadmium Nitrate1 

In the past the ion size parameter of the Debye-Hiickel theory of solu- 
tions of strong electrolytes has been detemlned as a mean value fcrr the 
ions of a given solution. If the parameter "a" could be calculated from 
the individual ionic radii and the result of this calculation verified experi- 
mentally, the physical meaning of the quantity "a" would take on added 
significance. It is the purpose of this paper to present this calculation and 
to give a preliminary test of its result. 

Theoretical Calculation.-Consider a solution containing ions of kinds 
1 .  . .  i . . . s  

Let ad be the mean distance of closest approach for the ions of the ith and 
jth kinds, i .  e., the mean collision distance between the centers of the ions 
considered as spheres. Now if fii is the time average, or frequency, of 
collisions between the ions of the z?' and jth kinds, then 

I' I ,  = a xfiiaij/xfi> (1) 

is the mean distance of closest approach for all ions in the solution, the 
summations being taken over all combinations of values of i and j. On the 
average for a large number of random collisions between any two ions the 
distances from the points of contact to their centers may be considered as 
the radii of spheres surrounding the ions; so that 

aij = ai + ai 

The quantities aj and aj depend presumably only upon the nature of the 
individual ions. 

The following calculation of the frequency of collisions between the 
ions is based on the fundamental assumption of the Debye-Hiickel theory: 
the effects between the ions may be attributed wholly to the electrical 
charges on them. Consider an ion of the ith kind in a solution of 

moles of ions with valences 
Zl. . .  z i  . . .  z a  

(1) The material for this paper was taken from a thesis submitted by Henry C. Thomas to the 
Faculty of the University of North Carolina in partial fulfilment of the requirements for the degree of 
Master of Science. 
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dissolved in a volume V of solution. The charge on an ion of the ith kind 
is then zie, where c is the charge on the electron. If dV is an elementary 
voluine of solution at  a distance r from an ion of the ith kind, the time aver- 
age of the number of ions of the jth kind in dV is given by the Boltzmann 
relation 

Nnj - e-z,.$/kT d V  
V 

N Is Avogadro's number per mole, Nnj/V being the number of ions of the 
jth kind per cubic centimeter of solution ; #, the electrical potential in d V; 
k, Boltzmann's constant; T, the absolute temperature; and el the base 
of the natural logarithms. On changing to space polar coordinates and 
performing the indicated integration, there is obtained the number of ions 
of the yh kind in a spherical shell of thickness dr surrounding and a t  a 
distance r from the ith ion in question 

Nni e-zjnL/kT r s d ~  Nni 
v 1 sin in) dB dm = 4r - e - z i 4 / k T  r2dr v 

In order to calculate the time average of collisions between the ion of the 
gh kind and all the ions of the jth kind, the above expression is integrated 
through a shell in contact with the ith ion and of such thickness, 2aj, that 
all the ions of the 3*h kind within the shell must be in contact with the ith 
ion. Multiplying the resulting expression by the number of ions of the 
ith kind per cubic centimeter, there is obtained the time average of all 
collisions per cubic centimeter between ions of the gh and jth kinds 

When this expression is summed over all pairs of kinds of ions in solution, 
the result is the time average, or frequency, of all collisions per cubic centi- 
meter 

In order to obtain this expression in terms of the concentration of the dis- 
solved compound we note that nj = vjn, where n is the number of moles 
of the compound in volume V of solution and vi the number of ions of the 
z ? ~  kind to which one molecule of salt gives rise on ionization. The poten- 
tial y5 a t  large distances from an ion is to be determined from the general 
solution of the Poisson-Boltzmann equation 

However, in calculating the frequency of collisions only the potential near 
the surface of the ion is considered. The potential in this neighborhood 
will be largely due to the charge on the ion itself. Therefore no large 



error will be introduced if the potential is considered as arising wholly 
from the charge on the ion 

where D is here the dielectric constant of the solvent. On making these 
substitutions the expression for the frequency becomes 

Substituting (3) for the potential receives justification when it is observed 
that if the integral in (2) should contain concentration terms other than 
as a factor, the "a" value, see (I), would depend on the concentration of the 
solution. This is contrary to experimental knowledge. Were the poten- 
tial determined by a solution of the Poisson-Boltzmann equation, con- 
centration terms would enter otherwise than as a factor. 

The frequency of collisions between the ions of a single salt in solution is 
then, in the region of dilute solutions, directly proportional to the square 
of the concentration. 

For a solution of two salts the mean distance of closest approach will be 
given by an expression of the form 

Here Al/fi = "al" and A2/f2 = "az"; the subscripts refer to the values 
for the individual salts. Expression (5) is the mean of "al" and "a" in 
which the separate values are weighted according to the corresponding 
collision frequencies. This expression may be considered as a close ap- 
proximation to the value of "2' given by (I), where the summations are 
carried over all combinations of i and j. We have now 

fl = k~ @)( = klc: and f2 = k2 (5)' = k2c: 

where k is the coefficient of the concentration term in (4) and c is the 
molarity of the dissolved salt. Expression (5) shows that the "a" value 
of a solution of two salts should remain constant if the ratio of the concen- 
trations of the salts is held constant no matter what the total concentra- 
tion may be. This fact is at  once apparent when (5) is written in the 
form 

where b = ( c ~ / c ~ ) ~  = const. These considerations hold true, of course, 
only for dilute solutions of completely dissociated electrolytes. 

Now the proportionality constants k1 and kz will not in general be the 
same for different salts. If, however, the salts are of the same valence 
type, the difference between these constants will be determined solely by 
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the integral in (4). In the following discussion, due to lack of any definite 
knowledge of the ionic radii, we will assume k~ - kz; so that 

fdfi = (CI/G)~ (6) 

A rough graphical integration of the function 
r2e - ztentVDkTr ' 

for a 1-2 salt in water a t  25O shows that for values of r between 4 A. and 
10 A. the difference between the integrals for similar types of salts should 
not be large. With expressions - (5) and (6) it is a simple matter to  cal- 
culate any one of "al," "az" or "a," given two of them. 

As an experimental test of the above ideas the results of measurements 
on the cell 

Pb-Hg (2  phase) I PbCln(ml), Cd(NO1)2(nzz) [ AgC1-Ag; m~/mz = const. 

have been applied. The "a" value of lead chloride has been calculated 
by La Mer, Gronwall and Greiff2 from measurements by Carmody3 on a 
similar cell containing only lead chloride. They find "al" = 1.75 f i .  The 
"a" value for cadmium nitrate has been calculated by the present authors 
from freezing point measurements of J ~ n e s , ~  these being apparently the 
only available measurements on cadmium nitrate in sufficiently dilute 
solution. Too much reliance cannot be placed on the results of these 
calculations, based as they are on data of doubtful precision. Table I 
gives the results of these calculations. 

Molarity Atf 
obs. 

0.001000 0.0054 
.002980 .0159 
.004920 .0261 
.006900 .0362 
.00876 .0457 
.02000 -1035 

at/ 
"a" = 11.6A. 

0.0054 
.0158 
.0260 
.0362 
.0458 

( .1038) 

As may be seen the value "az" = 11.5 A. gives the best agreement with 
the experimental data. The Debye first approximation for the osmotic 
deviation 

8 = 0 . 7 6 4 4 5  cr(KWa") 

was used in the calculation, the "a" value being sufficiently high to warrant 
the use of the simple equation. 

Experimental Part 
Purification of Materials.-Kahlbaum lead chloride was recrystallized three times 

from 0.006 N hydrochloric acid as recommended by Baxter and G r ~ v e r . ~  The product 

(2) La Mer, Gronwall and Greiff, J. Phys. Chem., 35, 2245 (1931). 
(3) Carmody, THIS JOURNAL, 61, 2905 (1929). 
(4) Jones, 2. physik. Chem., 11, 545 (1893). 
(5) Baxter and Grover, THIS JOURNAL, 87, 1061 (1915). 



was carefully dried and ground. Kahlbaum cadmium nitrate was recrystallized three 
times from water. Carefully purified mercury was twice distilled as recommended by 
H ~ l e t t . ~  Commercial tank nitrogen was purified by passing it through a solution of 
acidified potassium permanganate and further treated according to Cowperthwaite and 
La Mer.? 

Analytical.-The stock solution.of lead chloride was analyzed by the potentiometric 
titration of the chloride using a silver-silver chloride indicator electrode and a 0.1 N 
calomd half cell with an ammonium nitrate-agar gel bridge. The cadmium nitrate 
solution was analyzed by electrolytic precipitation from an alkaline cyanide bath. 

Preparation of Electrodes.-The silver-silver chloride electrodes were prepared 
according to the method described by Carmody.8 The lead amalgam was prepared by 
dissolving Kahlbaum stick lead, "for analysis" grade, sufficient to make a 6% amal- 
gam, in the purified mercury. After solution had been effected in an atmosphere of ni- 
trogen, the amalgam was drawn into a Pyrex storage bulb similar to that described by 
La Mer and  park^.^ 

Preparation of Solutions.-The solutions for measurement were made up by dilut- 
ing the analyzed stock solutions of lead chloride and cadmium nitrate using flasks cali- 
brated to deliver by the Bureau of Standards. 

Electrical Apparatus and Cell Vessel.-The potentiometer, which had been cali- 
brated by the Bureau of Standards, was the Type K instrument of Leeds and Northrup. 
A Leeds and Northrup No. 2500, Type R, galvanometer was used. The standard cell. 
also calibrated by the Bureau of Standards, was of the Weston unsaturated type. The 
electrical measuring apparatus was protected against electrical leakage by equipotential 
shielding. The cell vessel, constructed of Pyrex glass, contained two sets of electrodes. 
The e. m. f. of each of the four combinations was measured. A reservoir for the solution 
was attached so that check measurements could be obtained without disturbing the elec- 
trodes or opening the cell to the air. The nitrogen served to stir the solution and pre- 
serve an inert atmosphere within the cell. No trouble was experienced in obtaining 
e. m. f. readings constant to 0.02 mv. The cell was placed in a water thermostat a t  
25 * 0.02'. The Beckmann thermometer was compared with a thermometer calibrated 
by the Bureau of Standards. 

Results and Calculations 
Table I1 gives a summary of the experimental data together with the 

activity coefficient of the lead chloride, r,, calculated from the equation 
E(,,.) + 88.725 (0.2007 + log m) = E o ( ~ ~ . )  - 88.725 log y. 

this being the equation for a chemical cell without transference after the 
constants for a 1-2 salt at 25' have been introduced. The value Eo = 

TABLE I1 
m m 

PbCh Cd(N0a)r 

1 0.01633 0.01738 
2 .01020 .01086 
3 .006527 .006946 
4 .004665 .004965 
5 .003263 .003471 
6 .002040 .002170 

E. m. f., 
volts 7 s  

0.5174 0.420 
.5295 .491 
.5420 .555 
.5516 .605 
.5623 .655 
.5767 .721 

(6) Hulett. Phys. Rev., 83, 314 (1911). 
(7) Cowperthwaite and La Mer, THIS JOURNAL, 63, 4333 (1931) 
(8) Carmody, ibid., 61, 2901 (1929). 
(9) La Mer and Parks. ibid. ,  63, 2040 (1931). 
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0.3432 volt calculated by La Mer, Gronwall and Greiff2 from Cariliody's3 
results was used in the calculations, The values given for the e .  m. f .  
cannot be considered reliable to much better than 0.3 n ~ v .  

The values of -y, here given are uniformly lower than those given by 
Carmody for lead chloride in solution alone. 

The ''a" values for the four most dilute solutions have been calculated 
from the Debye first approximation for the activity coefficient 

-log y, = 
1.53636 ( - a ~ g ) K  

1 -/- "E"K 

For solutions of a 1-2 salt in water at  25' K = 0.5686 dm; m is here 
the total molality. For solutions of this dilution it is unnecessary to 
distinguish between molality and molarity. Since cadmium nitrate and 
lead chloride are of the same valence type, the only effect which the pres- 
ence of cadmium nitrate has on the calculations is to increase the value of 
K. In this connection see La Mer, Gronwall and Greiff,2 p. 2282 

The results of these calculations are given in Table 111. 

TABLE I11 

No. 3 4 5 6 
10-8 0.06599 0.05580 0.04666 0.03689 
" ," A. 3.16 3.76 4.70 6.44 

Discussion of Results 

As is shown in Table I11 the "a" values for mixed solutions of lead 
chloride and cadmium nitrate at  constant ratio of concentration are not 
constant but increase with decreasing concentration. On the basis of our 
theoretical discussion this phenomenon would not be expected in such 
solutions of two strong electrolytes. In the case, however, of solutions 
containing cadmium and chloride ions this drift in the "a" values may be 
accounted for very simply. It has long been recognized that  cadmium 
chloride possesses many of the properties of a weak electrolyte. This 
salt may not be regarded as completely dissociated even a t  concentrations 
as low as 0.0005 m. The cadmium ion is presumably the component of 
cadmium nitrate which gives rise to its large, 11.5 A., "a" value. If the 
cadmium ion is removed from the solution as undissociated cadmium 
chloride, it becomes in effect a part of the solvent and no longer exerts 
any influence on the mean distance of closest approach of the ions in the 
solution. As the dilution increases the cadmium chloride becomes more 
and more dissociated, and, due to the presence of more cadmium ion in 
solution, the "a" value increases. A consequence of this idea is that the 
solution should have a "normal" "a" value at infinite dilution. When 
the "a" values given in Table I11 are plotted against the concentration, 
the values for the three most dilute solutions fall on a straight line. On - 
extrapolating this line to zero concentration the limiting "a" value is 



found to be 6.8 A. Assuming the value of 6.8 A. for the mean distance of 
closest approach of the mixed solutions, the value of 1.75 A. for lead 
chloride and using expressions (5) and (6) the "a" for cadmium nitrate 
is calculated to be 11.3 A. This calculated value is in excellent agree- 
ment with the value determined from the experimental work of Jones. It 
must be remembered that it depends upon the compensation effect (kl = 

kz) in the calculation of the ratio of the frequencies of collision of the two 
salts and also upon a result obtained from an arbitrarily extrapolated curve. 
The first of these assumptions cannot be further tested with the data avail- 
able. Similar and more extended experiments upon solutions of two com- 
pletely dissociated electrolytes may settle this point. 

According to the above result it may be stated that the physical mean- 
ing of the ion size parameter in the Debye-Hiickel theory of solutions 
takes on acided significance. The fact that this quantity may be used in a 
logical calculation of mean values is definite although indirect proof of its 
significance as a distance. 

In conclusion we wish to acknowledge our indebtedness to the Rocke- 
feller Foundation for financial aid which made possible the purchase of 
much of the equipment used in the experimental work. 

Summary 

A mathematical solution of the problem of the calculation of the mean 
distance of closest approach of the ions in dilute solutions of strong elec- 
trolytes is given. This quantity is obtained as a function of quantities 
depending upon the valence types of the dissolved compounds and the size 
of the individ~tal ions. 

The activity coefficients of lead chloride in solutions of cadmium nitrate 
have been determined at  six concentrations. The ratio of the concentra- 
tion of the lead chloride to that of the cadmium nitrate was held constant. 
The data obtained are used as a preliminary test of the above-mentioned 
theoretical calculation. 

CHAPEL HILL, NORTH CAROLINA RECEIVED AUGUST 9, 1932 
PUBLISHED FEBRUARY 9, 1933 



[CONTRIBUTION FROM THE FRICK CHEMICAL LABORATORY OF PRINCETON UNIVERSITY 1 

A Comparison of Organic Inhibitors in Chain Reactions 

In the oxidation of sodium suXte inhibited by alcohols, and of benz- 
aldehyde inhibited by anthracene, Backstrom and co-workers1 established 
that the inhibitory process is accompanied by an induced oxidation of the 
inhibitor. This paper extends the investigation to types of reactions where 
such an inhibition mechanism seems improbable; for example, a polym- 
erization carried out in a hydrogen atmosphere to the exclusion of oxygen. 
In place of a detailed study of products formed by one inhibitor in one 
reaction we have investigated the relative inhibitory effects of numerous 
classes of substances on several types of reactions: (1) the photo-polym- 
erization of vinyl acetate, (2) the autoxidation of sodium sulfite, (3) the 
photolysis of hydrogen peroxide. 

Our choice of inhibitors was limited by the necessity that they should 
represent as many different types of compounds as possible, were soluble 
in our reaction media, water or ethyl acetate, and did not absorb light in the 
spectral region used, 3000-4000 A. The latter precautions eliminated any 
inhibition due to screening ef fe~t .~  

Theoretical 

All three reactions are chain reactions and have unimolecular velocity 
constants. The effect of various organic substances could, therefore, be 
expressed as relative inhibitory powers, k, in a velocity expression 

where dx is the fraction reacting in the interval dt and kl is the usual 
unimolecular constant. [I]  is the primary step and k3/(k2 + kc) is the 
probable number of links in a chain following the primary step. This 
probability is governed by kg, the probability of continuing the chain; 
and (k2 + kc), the probability of breaking the chain by some constant 
factor, kz, such as walls or impurities, or by the added inhibitor of con- 
centration C. 

With chains of any appreciable length the primary step in the reaction 
becomes negligible, and equation (1) reduces to 

Integrating this we obtain 

(1) Alyea and BLckstr6m, Tms JOURNAL, 61,90 (1929): Backstrijm and Beatty. J.  Phys. Chem.. 
35, 2530 (1931). 

(2) Anderson and Taylor THIS JOURNAL, 46, 660 (1923). 
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This equation will apply to photochemical as well as thermal reactions, 
provided that the reactant absorbs only a small fraction of the incident 
light, so that the number of chains started is proportional to (1 - x) .  
  his condition is fulfilled in both the polymerization of vinyl acetate and 
the decomposition of hydrogen peroxide, so that equation (3) can be 
applied to both. The 5% vinyl acetate solutions we employed absorbed 
only 2% of the 3130 A. light.% The 0.6 M hydrogen peroxide solutions 
absorbed as much as 50% of the 3132 A. line4 and a much smaller percent- 
age of the 3340 and 3663 A. lines, so that only an approximate agreement 
with equation (2) may be anticipated. 

Experimental 

Photopolymerization.-The reaction vessels and mercury lamp were immersed in a 
de Khotinsky thermostat a t  75 + 0.1 ". A Cooper-Hewitt vertical mercury lamp was 
held in place inside a 2.5 X 25 cm. quartz tubing by an asbestos belt and calked with red 
lead-linseed oil. A small portion of the mercury reservoir projected from the bottom 
of the tubing, and was in direct contact with the water in the bath; the amount project- 
ing was so adjusted that the lamp burned a t  180 watts. The quartz tube was cemented 
in a brass collar in the center of a brass rack and tripod. On the periphery of the rack, 
and equidistant from the mercury lamp, eight holes were bored to accommodate eight 
Pyrex reaction vessels. Each vessel consisted of two parts: an outer tube 19 cm. long, 
the lower part 9 X 2 cm., the upper part 10 X 1.5 cm. ; and an inner tube of 6 mm. o. d. 
tubing 37 cm. long with a stopcock 10 cm. from the upper end, below which was an en- 
largement ground to fit into the outer tube. The lower end was tapered and reached 
within 0.5 cm. of the bottom of the outer tube, whose contents were thereby well mixed 
and the gas space thoroughly flushed with hydrogen. The 16-cc. samples used in a run 
were completely exposed to the rays from the mercury lamp. 

Pure vinyl acetate was supplied by the Union Carbide and Carbon Company and 
c. P. ethyl acetate by Merck and Company. They were simultaneously distilled in a 
hydrogen atmosphere in separate flasks on a water-bath a t  80'. From the moment the 
distillation was begun to the time when all solutions were mixed and the polymerization 
measurements commenced, all operations were carried out in an atmosphere of tank 
hydrogen, to the complete exclusion of air. 

8.45 cc. of the middle portion of the vinyl acetate distillate was diluted with 150 
cc. of ethyl acetate; 15 cc. of this was mixed in a reaction vessel, with 1 cc. of inhibitor 
solution. Eight reaction tubes were filled in the same way and placed in the bath at  the 
same time. Two always served as blanks aad contained 1 cc. of ethyl acetate instead of 
1 cc. of inhibitor solution. The ground joints were lubricated with completely polym- 
erized vinyl acetate dissolved in ethyl acetate 

Merck c. P. or other products of equal quality were used without further purification 
in preparing the inhibitor solutions in 25.00-cc. lots by dissolving 0.02148 mole of in- 
hibitor in ethyl acetate. This gave a concentration in the reaction vessel of one in- 
hibitor to ten of vinyl acetate molecules. More dilute inhibitor concentrations were 
prepared by dilution of the 25-cc. lot. The initial vinyl acetate concentration was always 
5% (0.536 molar). 

At convenient time intervals during a polymerization run two 2-cc. samples were 
removed and their iodine values determined: 10 cc. of carbon tetrachloride, 2 cc. of un- 

(3) Taylor and Vernon, THIS JOURNAL, 63, 2637 (1931). 
(4) Kornfeld, Z. Phot., 21, 66 (1922). 
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known, and 25 cc. of Wijs solution were allowed to stand in a glass-stoppered 500-cc. 
bottle for thirty minutes in the dark. Then 10 cc. of 10% potassium iodide solution and 
200 cc. of water were added, and the iodide liberated by the remaining Wijs solution 
titrated at  once with N/10 thiosulfate solution, starch emulsion being added toward the 
end.6 

Wijs solution was prepared by bubbling chlorine gas through 13 g. of Merck resub- 
limed iodine dissolved in one liter of glacial acetic acid until the halogen content was 
d o ~ b l e d . ~  The acetic acid should not contain reducing substances nor over 0.5% of 
water, since both affect the keeping quality of Wijs solution. 

Autoxibation.-The apparatus and procedure for the thermal oxidation of sodium 
sulfite was identical with that used by Alyea and Backstrom,l except that ordinary dis- 
tilled water and Merck c. P. anhydrous sodium sulfite were used without further purifica- 
tion. Decrease in sulfite concentration was followed by titration with 0.5 N sulfuric 
acid to PH 4.3, using brom cresol green as indicator. Since the titration consists in 
changing S01-- to HSOI-, 5 cc. of 0.6 M sulfite requires 6 cc. of 0.5 N sulfuric acid. 
Standard aqueous inhibitor solutions were prepared containing 0.012 mole of inhibitor 
in 50 cc. of solution; 5 cc. of this added to 15 cc. of 0.8 M suliite buffered with sulfuric 
acid gave a concentration of one inhibitor to ten sodium sulfite molecules. The initial 
sulfite concentration was always 0.6 molar. 

Photo1ysis.-The apparatus was the same as in the photopolymerization except 
that the inner tube was replaced by a loosely fitting stopper. A stock solution of 50 cc. 
of Merck Superoxol diluted with 450 cc. of distilled water was used to prepare 0.8 molar 
hydrogen peroxide. For each run 15 cc. of the latter was mixed with 5 cc. of the 
aqueous inhibitor solutions described above. Two 1-cc. samples were removed from 
time to time during the run, and the peroxide content determined by titration with N/10 
potassium permanganate in the usual way. The experiments were made a t  75O, the 
initial peroxide concentration being 0.6 molar. 

Results 

Wijs Method for Following Polymerizations.-Not more than half of 
the Wijs solution should be consumed by the vinyl acetate, so that not 
more than 2 cc. of a 5% solution of vinyl acetate should be used in the 
directions above. Thus, with 5% solutions we obtained upon titrating 
2-cc. samples an experimental iodine number of 294.2; with 4-cc. samples, 
266.9. The theoretical iodine number is 294.9, showing that there was 
incomplete addition with the 4-cc. samples. Ethyl acetate does not react 
with Wijs solution; nor does the polymerized product, since sections cut 
from some solid photopolymerized vinyl acetate gave iodine values as low 
as 9.5 and 6.3, corresponding to 96 and 98% polymerized. In a few cases a 
blank titration and correction had to be applied for a small amount of Wijs 
solution reacting with the inhibitor. Wijs solution is rapid in action and 
keeps for months. It surpasses other methods which have been used in 
following the polymerization, especially since it is applicable to very dilute 
solutions. This, aside from obviating experimental difficulties of working 
with very viscous solutions, evades the danger of association in solutions 

(5) Kolthoff and Furman, "Volumetric Analysis," Vol. I, p. 198; Buckwalter and Wagner, THIS 
JOURNAL, 62, 5241 (1930); Btieseken and Gelber, Rec. trau. chim., 46, 158 (1927). 

(6) Sherman, "Methods of Organic Analysis," 2d ed., The Macmillan Co., New Yotk, 1929, 
p. 152. 
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which according to Staudinger and Heuer7 occurs in these solutions when- 
ever the concentration exceeds a few per cent. 

Confirmation of the Velocity Equation.-In all three reactions x is the 
fraction which has reacted after t hours. C is the ratio of the number of 
inhibitor to number of reactant molecules. Equation (3) may be written 

1 kc 1 kin- +Tin- = K 
t 1 - x  1 - x  ( 4 )  

For the ghota-polymerization the wattage of the mercury lamp although 
constant throughout a single run varied between 170 and 200 watts from 
day to day. This necessitated a correction w the value of which was 
determined empirically by dividing the value of x / 2  - x  at the wattage used 
during the:experiment by the value of x / 2  - x at 180 watts, the latter wat- 
tage being,taken as standard. This introduced into equation (4), in which 
the expaoded form 2r/2 - x is used in place of In l/l - x ,  gives 

Kwt 
(kwt/2) + kg + kc ( 5 )  

That this equation is satisfied over a large range of concentrations is shown 
for pyrogallol, hydroquinone and benzylamine in Tables I, I1 and I11 and 
in Fig. 1. 

TABLE I 
POLYMERIZATION INHIBITED BY PYROGALLOL 

k = 3200; w = 0.92; t = 3 hours 
x Calcd. 
0.22 wt. 

KC (- 0.11 wt + 1.30 + k c )  x Observed 

TABLE I1 

POLYMERIZATION INHIBITED BY BENZYLAMINE 

k = 130; w = 1.0; t = 3 hours 
x Calcd. 
0.22 wl 

kC (- 0.11 wt + 1.30 + kC) x Observed 

OD 0 . 0  0.405 0.403 
5000 .026 .399 .390 
2500 .052 .392 .420 
1000 .13 .375 .393 
500 .26 .349 .349 
100 1.3 .225 .235 
50 2.6 .I56 .I58 

(7) Stnudinacr and Heuer, Bsr., 6% 2933 (1929). 
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TABLE 111 
POLYMERIZATION ~NHLSITED BY HYDROQUINONE 

k = 1000; w = 0.86; t = 3 hours 
x Calcd. 

0.22 wt 
hC (P 0- + 1.30 + kC) z Observed 

For the oxidation of sodium suljite, if the reaction is followed over small 
changes in x, the value of 1 - x in equation (2) remains essentially constant, 
and the equation reduces to that 
already shown by Backstrom8 to 
be approximated jn inhibited 
sulfite oxidation. 5 

For inhibited photolysis, a ther- 
mal run was made in each case 
and deducted from the observed 
light rate to give the true photo- 
chemical rate. The uninhibited $ 3  
thermal rate was only 7% of the 
photochemical one. At a con- 3 
centration of 1/500 all of the A 2 

substances inhibited the normal 
thermal reaction with the excep- 
tion of ethylamine. The latter 
accelerated2 roughly in propor- 
tion to its concentration: 14-fold 0 
at 1/100, 4-fold a t  1/500 and 
1.2-fold at  1/2500. However, 
at no time did the thermal rate 0.10 0.20 0.30 0.40 
exceed the ~hotochemical one, Fraction polymerized in three hours ( x ) .  
and with most inhibitors it was Fig. l . -~,  Pyrogallol (W = 0.92); V, hy- 
around 10% of the photochemi- droquinone (W = 0.86); W ,  benzylamine 
cal rate. At a concentration of (W = 1.00). A 0 + values observed; - 
one-tenth the thermolysis was values calculated from x = 0.22 wt/(O.ll wt 

accelerated 5-fold by pyrogallol, + 1.30 + KC). 

4-fold by resorcinol, and 2.5-fold by hydroquinone, possibly due to reaction 
with the peroxide; so that this concentration was not used in evaluating 
their inhibitor powers. That a unimolecular equation is obeyed in the 



photochemical decomposition of pure or inhibited hydrogen peroxide a t  75' 
is shown in Tables IV and V. 

Thermal 
t in hours Photothermal alone 

Photo 
alone 

x l/t log l / ( l  - x )  

0.0 0.000 0.000 0.000 
0.6 .490 .028 .462 0.450 
0.9 .678 .037 .641 ,500 
1.2 .SO0 .045 .755 .517 
1.5 .880 .052 .828 .475 
2.0 .945 .061 .884 .470 

Av. 0.482 

TABLE V 
PHOTOLYSIS OF HYDROGEN PEROXIDE INHIBITED BY VERONAL AT 75 

Photo 
t in Thermal alone 

1/c hours Photothermal alone x l / t  log 1/(1 - x )  

Evaluating the Relative Inhibitor Power k.-It is only possible to give 
k, kz and K in equation (4) numerical values by assigning one of them a 
definite value for some standard inhibitor. Experimentally, the results 
with powerful inhibitors were found to be most reproducible; of which 
pyrogallol was chosen as the standard, and assigned a k-value of 3200 for 
all three reactions. This number was chosen because ethyl alcohol, one of 
the weakest inhibitors known, was found thereby to assume a value of 
approximately unity. All substances, therefore, excepting those whose 
inhibitory powers were immeasurably small, have a value of k greater 
than unity. 

For the fiolymerization of vinyl acetate, when kC/t In 1/1 - x is plotted 
against l / t  In 1/1 - x for pyrogallol, all of the values fall along the same 
line, as shown in curve 1, Fig. 2. This conforms with equation (4) which 
indicates that when C approaches infinity C/t In 1/1 - x = K ,  and that 
when C is zero kz = K/(l/t In 1/1 - x) .  Reading these values from the 
intercepts a t  the axes we obtain 

K = 0.22 and kz = 0.22/0.170 = 1.30 

This method is extended to the other inhibitors by graphing C/t In 
1/1 - x against l/t In 1/1 - x and then multiplying the ordinate values by 



some constant, k, which brings the intercept a t  the ordinate up to 0.22. 
Examples are shown in Curve 1, Fig. 2, for hydroquinone and benzylamine. 

2 0.4 3 0.8 1.2 1.6 1 
l / t  In l/(l - x). 

Fig. 2.-General curves for all inhibitors: Curve 1, 
photo-polymerization of vinyl acetate, 5% solution, in 
which the scale is increased ten-fold, the observed inter- 
cepts being 0.17 and 0.22; A pyrogallol, 0 hydroqui- 
none, + benzylaniine; Curve 2, thermal autoxidation 
of sodium sulfite, 0.6 molar; Curve 3, photolysis of 
hydrogen peroxide, 0.6 molar. 

The relative inhibitor powers so determined are given in Table VI and 
have been obtained from at  least ten runs on each inhibitor. The intercept 
a t  the abscissa, which corresponds to the uninhibited rate, was strictly 
reproducible. 

For the oxidation of sodiurn sulj'ite corrections must be applied. Unless 
there is extreme purification of the sulfite long induction periods are ob- 
tained. This difficulty is obviated by referring each run to exactly the 
same amount oxidized, a drop in sulfite concentration from 0.60 to 0.46 
molar being taken as the standard. When this is done all experimental 
points for any given inhibitor lie along the same line when C/t In 1/1 - x is 
plotted against l / t  In 1/1 - x. The intercepts a t  the axes for these 
graphs are given in Table VII.  It will be noticed that the intercept a t  the 
abscissa is not strictly reproducible, due to varying impurities in the sulfite. 
This was corrected for by assigning a standard value, 0.15, a t  the abscissa 



RELATIVE P O ~ R S  OF INHIBITORS IN VINYL ACETATE PHOTOPOLYMERIZATION 

Inhibitor Inhibitor 
constant constant 

Inhibitor k Inhibitor k 

Benzene 2.3 Methyl oxalate 1.2 
Ethyl alcohol 1.2 Ethylamine 45 
Ally1 alcohol 58 Benzylamine 130 .t 5 
Benzyl alcohol 26 
Chloral hydrate 0.0 Phenol 16 

Hydroquinone 1000 + 20 
Propionic acids 0.0 Pyrocatechol 1400 * 70 
Benzoic acid 5.8 Resorcinol 29 

Pyrogallola 3200 + 175 
Pyridine 12.0 

a This ounber taken as staodard. The observed intercept at the abscissa for 211 
curves is 0.170. The observed value for C/t In 1/(1 - x )  at  the intercept a t  the ordinate 
for each curve is 0.22/k. 

TABLE VII 

RELATIVE POWERS OF INHIBITORS IN SULFITE OXIDATION 

(No copper sulfate added) 
l/concentration 

range of Intercepts Inhibitory 
inhibitor Observed Corrected power 

Inhibitor (1/c) Absc. Ord. Ordinate' k 

Propionic acid 10-100 ... . . . . .  . . . . .  Accelerates 
slightly 

Methyl oxalate 20-100 0.378 w . . . . .  0.0 
Benzoic acid 100-1000 .I68 co . . . . .  .O 
Cocaine hydrochloride 500-1000 .I20 Q) . . . . .  .O 
o-Cresol 20-500 .I75 rn . . . . .  . 0 
Ethyl alcohol 0.5-50 .I32 1.0000 1.130 .9 
Chloral hydrate 10-500 .280 0.4360 0.2340 5 
Phenol 10-500 .I68 .0580 .0518 20 
Acetoxime 10-500 .I90 .0475 .0375 28 
Resorcinol 5-500 .350 .0810 .0348 30 
Acetamide 10-50 .I35 .0300 .0333 32 
Verona1 100-500 .320 .0710 .0333 32 
Benzyl alcohol 10-100 .lo0 .0210 .0314 34 
pyrid<ne 10-100 .I56 .0200 .0192 55 
Ethylamine 5-100 .200 .0140 .OX05 100 
Ally1 alcohol 10-100 .290 .0185 .00955 110 
Benzylamine 10-500 .330 .00648 .00295 360 
Pyrocatechol 50-100 .0348 .000582 . . . . .  1800 
Pyrogalfol 50-100 .055 .00033 ..... 3200h 

500-2500 .I40 .00076 .000082 (13000) 
..... Hydroquinone 50-500 .0348 .000118 9000 

1000-5000 .I45 .000043 .000045 (24000) 

a Corrected intercept at  abscissa is 0.150 for all but the last three inhibitors. This 
number taken as standard. 
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for the blank rate, C = 0, and correcting all curves to this standard so as to 
be comparable. The general curve is Gven in Fig. 2, Curve 2. It will be 
noticed also that the last three inhibitors at  concentrations greater than 
1/500 cut the abscissa at  abnormally low values. For these the observed 
intercepts at the ordinate were used without correction. The values for k 
obtained from at least ten runs on each inhibitor are given in Table VII. 

TABLE VIII 

(Accelerated by 5 X 10-6 molar CuSO.) 
l/concn. 
range of Intercepts 
inhibitor Observed Corrected 

Inhibitor l/c Absc. Ord. ordinate 

Ethyl alcohol 0.5-1000 0.224 1.5000 1.0000 
Phenol 10-500 .263 0.1230 0.0704 
Resorcinol 10-500 .250 .0970 .0582 
Benzyl alcohol 10-1000 .230 .0815 '0532 
Pyrocatechol 50-500 .I10 .00097 . . . . 

1000-5000 .250 .000204 .00012 
Pyrogallol 50-500 .063 .00050 . . . . 
Hydroquinone 500-5000 .265 1.00010 .00058 

" Corrected intercept a t  abscissa is 0.15 for all inhibitors. 
Values in absence of copper sulfate, taken from Table VII. 

" This number taken as standard. 

Inhibitory 
power 

k 

Inhibitor 

, .-.- 
of Intercepts 

inhibitor Observed Corrected Inhibitory 
1 / c  Absc. Ord. ordinate" vower k 

Ethyl alcohol 10-20 0.732 0.0622 0.0598 130 
Ally1 alcohol 10-500 .672 .0525 .0550 150 
Propionic acid 50-500 .770 ,0143 .0131 640 
Chloral hydrate 100-500 .460 .00690 .0106 790 
Pyridine 10-500 .623 .00705 .OD796 1040 
Acetoxime 10-500 .802 .00875 .00770 1080 
Verona1 100-2500 .985 .00945 .00678 1230 
Methyl oxalate 50-100 .484 .00286 .00416 2000 
PyrogaIIoI 100-2500 .825 .00304 .00260 3200~ 
p-Cresol 100-500 .664 .00140 -00149 5600 
Benzyl alcohol 10-500 .705 .00124 .00124 6700 
Pyrocatechol 100-2500 .691 .00099 .00101 8200 
Hydroquinone 100-2500 .770 .00108 .00079 8400 
Benzoic acid 500-2500 .904 .00109 .00085 9800 
Resorcinol 500-1000 .691 .00076 .000775 11000 
Phenol 500-1000 .737 .00077 .000737 11000 
Cocaine hydrochloride 500 .TO5 .000691 .000691 12000 
Benzylamine 500-2500 .857 .000815 .000671 12000 
Ethylamine 500-2500 .830 .000488 .000410 20000 

" The corrected intercept a t  the abscissa is 0.705 for all inhibitors. This number 
taken as standard. 



Some runs were also made on sodium sulfite solutions accelerated by 5 X 
10-"olar copper sulfate. The inhibitory powers for these solutions as 
given in Table VIII agree with the values in unaccelerated solutions. 

For the photolysis of hydrogen peroxide there was no induction period, but 
a blank rate with a value of l / t  In 1/(1 - x) = 0.705 was assigned (see 
Table IX, Curve 3, Fig. 2). 

Photosensitization of Polymerization.-Taylor and Vernon3 found that 
the quantum yield for vinyl acetate polymerization is unity a t  2300 A. 
and 2536 A. but 1000 between 30004000 k. The low value might be 
due to depolymerization occurring simultaneously and thereby masking 
the true polymerization rate; or to the light being absorbed by a photo- 
chemically inactive portion of the molecule, an "intra-molecular screening 
effect," analogous to the effective decrease in quantum yield with wave 
length in the decomposition of ~cetaldehyde.~ A search was therefore 
made for photosensitizers to higher wave lengths a t  which these retarding 
effects might be nil. No attempt was made to weigh accurately the added 
sensitizer, our only intent being to discover one which gave a many-fold 
increase in rate. Semi-quantitative measurements in which the ratio of 
proposed sensitizer to reactant molecules ranged from 1: 1 to 1:10 for 
liquids, and 1:20 to 1:10,000 for solids, the latter because of extremely 
low solubilities of some solids, showed the following. The reaction was 
accelerated from five to twenty per cent. by acetone, sodium benzoate, 
benzoyl peroxide, chloral hydrate, phosphoric acid, fuchsine, quinine 
sulfate, malachite green, propionic acid, anisole, chrysaniline, phthalic 
acid, and alizarin-indigo blue. Without effect, were eosin, phosphine 
3R and thymol. The following were weak inhibitors, which reduced the 
normal rate to about half: bromindigo 2B, barbituric acid, phosphine, 
methyl oxalate, aniline violet, ethyl alcohol, guaiacol, erythrosine B, 
thiophene, benzene, acetamide, benzamide prosaniline, m-cresol, benzoic 
acid, benzophenone, indole, alizarin red S, caffeine, pyridine, indigo bengal, 
phenol, cyanin, benzyl alcohol, resorcinol, rosaniline, ethylamine, neo-indol, 
allyl alcohol, benzil, benzylamine, acetoxime and dinitronaphthol. The 
following were powerful inhibitors which reduced the rate to three per 
cent. or less of the normal rate: picric acid, quinoline, o-nitrotoluene, 
dimethylaniline, aniline, furfural, diethylamine, azobenzene, rhodamine B, 
o-nitrophenol, salicylic acid, a-nitronaphthalene, rhodinol, nitrobenzene, 
allyl isothiocyanate, pyrogallol, hydroquinone and pyrocatechol. 

Discussion of Results 

A summary of these results and other data in Table X a t  once empha- 
sizes that the relative inhibitor powers are strikingly parallel in the oxida- 
tion and polymerization reactions, and that inhibitor power in the photoly- 

(9) Kirkbride and Norrish, Trans. Faraday Soc., 27, 404 (1931). 
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sis, on the other hand, has nothing in common with them. Of all the 
inhibitors, hydroquinone alone absorbed above 3000 A. and might well, 
therefore, sensitize as well as inhibit the photopolymerization; whereas 
such sensitization is precluded in the thermal sulfite oxidation. Therefore, 
K is larger in the latter. No explanation is offered for the exceptions 
pyridine and acetoxime, and the experimental discrepancies between 
Anderson and Taylor's and our values for benzoic acid and ethyl alcohol. 
Their value of about 20,000 was a lirnit of inhibitory pover imposed by 
their experimental accuracy, and agrees well with our values when it is 
recalled that the concentration of their hydrogen peroxide, and, hence, the 
value k varied two-fold. 

Let us return to the parallelism of inhibitory powers for the oxidation and 
polymerization. Assuming the function of the inhibitor is to receive and 
dissipate chain energy,l the relative inhibitor powers may be identical with 
the relative efficiencies of these twenty-odd substances in receiving excess 
enerpy from a "hot chain molecule." But collisions of the second kind are 
highly specific processes, and even though the excess energy of a hot 
polymerized and a hot oxidized molecule be identical, we should hardly 
anticipate identical collision efficiency, identical inhibitory powers. An- 
other mechanism is possible: if the polymerization involves an initial 
peroxide step it may be inhibited in the same way as the peroxide stages in 

TABLE X 
RELATIVE POWERS OF INH~ITORS-SUMMARY 

The values in columns 2, 3, 4, 7 are from this paper. Columns 5 and 6 were calcu- 
lated from data in Raymond, J. chim. phys., 28, 316 (1931)' and Anderson and Taylor, 
ref. 2. 

Oxidation Photolysis 
Polymeri- NazSOa Hz02 HzOn 

zation, Na,SOa, copper Benzal- Anderson Jeu 
vinyl no accel- dehyde and and 

Inhibitor acetate copper erated photo Taylor Alyea 

Chloral hydrate 
Propionic acid 
Methyl oxalate 
Ethyl alcohol 
Benzoic acid 
Phenol 
Benzyl alcohol 
Resorcinol 
Ethylamine 
Ally1 alcohol 
Benzylamine 
Pyrocatechol 
Pyrogallol 
Hydroquinone 
Pyridine 
Acetoxime 

a This number taken as standard. 



the sulfite oxidation. Such a mechanism might involve a competition for 
A02 by activated reactant A' molecules 

A' + A02 --+ 0 2  + A2 

subsequent rapid polymerization giving rise to A,, or by inhibitor mole- 
cules, B 

B +AOz+BOz + A  

whereby the formation of the polymer is prevented. This of course might 
give identical inhibitory powers corresponding with and proportional to the 
oxidizability of the inhibitors by peroxides. However, the only evidence 
to support this view is that benzoyl peroxide accelerates the polymeriza- 
tion.IO For such a mechanism an extremely small amount of oxygen 
may be necessary and the large excess of oxygen used by Taylor and 
Vernon3 might well lead to the inhibition which they report. 
kz, a Measure of Chain Length.-Pyrogallol, our most powerful in- 

hibitor, was assigned a standard inhibitory power of 3200. Assume that a 
collision of a chain molecule with pyrogallol is as efficient in breaking the 
chain as a collision with a reactant molecule is in continuing the chain, 
and accordingly assign it an absolute inhibitory power of ka = 1 = k/3200. 
Now when pyrogallol has reduced the uninhibited rate to half, kC will equal 
kz. When ka is used in place of k, 1 /C will be half the chain length: thus 
to cut a one-thousand link chain a t  the five hundredth link requires a 
concentration of 1/500 of pyrogallol to reactant molecules. That is 

chain length = 2/(k.C) = 6400/kC = 6400/k2 

If an inhibitor more efficient than pyrogallol is found, it would increase the 
chain length by the factor (k for new inhibitor/3200), so that the assump- 
tion that pyrogallol is 100% efficient in breaking chains gives the value of a 
minimum chain length. This calculation has been carried out in Table 
XI for several measurements where the value k2 is known. 

TABLE XI 
CALCULATION OF CHAIN LENGTH FROM k) 

Chain lengths 
calculated 

Reaction Rt (- 6400/k%) probable 

Polymerization of vinyl acetate 5% soh. 1.30 5000 2500 
Autoxidation of sodium sulfate 

0.6 M Jeu and Alyea 7.04 900 1000-10000 
Alyea and:~ackstrijm 0.068 100000 100000 
Backstrom 0.0059 1000000 100000 

Photolysis of hydrogen peroxide 0.6 M 11.8 540 (2000) 1000 

The values 1.30, 7.04, 11.8 are from this paper. Alyea and Backstrom's 
value1 of k2 = 0.0012, where k for benzyl alcohol was 1 and the concentra- 
tion was expressed in moles of inhibitor per liter of 0.6 molar sulfite solu- 

(10) See Conaut and Peterson, Tars JOURNAL, 64, 628 (19321, where a peroxide step is postulated 
for the polymerization of isoprene and for n-butyraldehyde a t  high pressures, 



tion, gives in our units 0.0012 X 34 X 1.0/0.6 = 0.068. BBckstrom's8 
value of kr = 0.00901i, where k for benzyl alcohol was 60 and concentration 
was expressed in moles per liter of 0.6 molar sullite solution, gives in our 
units 0.00622 X 34/60 X 1/0.6 = 0.0059. The value 2500 in the last 
column is a semi-quantitative quantum yield which we obtained by com- 
paring the polymerization rate and light absorption of a 100% vinyl acetate 
solution for which Taylor and VernonS obtained a quantum yield 1000, 
with the values for a 5% solution, The sulfite we nsed was not pnrified 
and exhibited long induction periods, and undoubtedly the cha' ins were 
ten to a hundred-fold shorter than in Alyea and Backstrom's sulfite, for 
which they found chain lengths of 100,000, by induced oxidation of alcohols. 
Chains of 500 for hydrogen peroxide have been experimentally measured 
by Allmand and Style" and they postulated that they are considerably 
longer than this. A value 540 is obtained with 3200 for pyrogallol, but 
using a k of 12,000, which the more powerful arnines and phenols possess, 
gives a minimum chain length of 2000 at  75'. The agreement is all that 
could be desired except in the case of Backstrom's sulfite measurements, 
in which different samples of sulfite used in the inhibited reaction and in the 
photochemical reaction, or even different reaction vessels, are sufficient to  
cause a several-fold change in reaction rate. 

Summary 

1. Photopolymerization of vinyl acetate may be followed by determin- 
ing iodine numbers with Wijs solution. 

1 1  
2. A general equation ; In - = ----- represents the behavior 1 - X  k z f  kC 

for chain reactions of the first order in the presence of inhibitors. 
x is the fraction reacting during time t, K is composite of the number of 
chains initiated a t  t = 0 and the probability of continuing the chains; 
while kz + kc is the probability of breaking the chains by a constant factor 
kt or by an inhibitor of concentration C and inhibitor power k. 

3. The equation represents the photopolymerization of vinyl acetate, 
the thermal autoxidation of sodium sulfite and the photolysis of hydrogen 
peroxide. 

4. Among sixteen representative inhibitors which include alcohols, 
esters, acids, amines, oximes, phenols, aldehydes, and alkaloids, the relative 
inhibitor power for a given substance is approximately identical in the 
polymerization of vinyl acetate and oxidation of sodium sulfite. In the 
photolysis of hydrogen peroxide, however, the values of k have no obvious 
relation to those in the other two reactions. 

5. A maximum of twenty per cent. photosensitization to visible light 
was found for the polymerization among seventy organic substances 
tried. 

(11) Allmand and Style, J .  Chem. Soc., 596 and 606 (1930). 



6. Chain lengths agreeing with experimental values may be predicted 
from the values of k2. 

The Photochemical Reaction between Quinine and Dichromic 
Acid. 11. Kinetics of the Reaction 

This paper suggests a kinetic picture consistent with new data and with 
data already published.' The experimental methods have been described1 

except those followed (by the last-named author) at  208, and 254 mp. 
The only primary act (except possibly a t  208 mp) contributing to reduc- 

tion of dichromic acid disclosed by our results is an activation of the 
quinine molecule or ion, Q to form Q*. In the secondary act a part of 
these activated molecules reduces dichromic acid. This picture could be 
amplified as follows. At the instant of excitation Q may be adjacent 
to molecules (or ions) of the other reactants, all within possibly effective 
ranges of distances and of orientations. That is, nl [Q] + nz[HzCrzO,] + 
na[H+] potentially effective kinetic "clusters," to borrow Weigert's 
general designati~n.~ Such clusters are conditioned by kinetic and electro- 
static effects, and are in no sense stable complexes like uranyl oxalate. 
Photochemical reactivity, while varying with configuration, is practically 
independent of all activation energies except that of Q*. In  a steady state 
and in a thin layer, 

KI+, = [Q*I,~,,t,,/[Q*lt~t,~ = Kz[Q*ln1[HzCrzO7ln2[H+ ln8/[Q*l 
or 

log 6, + log KI/KLI = (nl - 1) log [Q*l + nz log [HzCrz071 -I- ns log [H+l 

where 4, is net quantum yield referred to light absorbed by quinine and 
[Q*] = K1[Q] where K' depends, among other factors, upon the reaction 
cell used. K1 is itself complex, involving factors such as ~ ~ e - ~ ~ ' ~ ~ ~ ~  where 
Bo and do indicate orientation and distance optimal for the secondary act. 

If [H2Cr207] and [H+] are large compared with [Q], or are held con- 
stant, log 4, = (nl - 1) log [Q] + const. For correct evaluation of nl, 
deviations from the reciprocity law had to be avoided by stopping down 
the front lens of the monochromator in each experiment to such an extent 
that the quinine in the first centimeter of the reaction mixture absorbed 
just as many quanta per minute, E,, as in any other experiment in the 
series. As a consequence, [Q*],,. was always the same in the layer thus 

(1) Forbes, Heidt and Boissonnas, THIS JOURNAL, 54, 960 (1932). 
(2) Weigert, 2. physik. Chem., 102, 416 (1922); 106, 426 (1923). 
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defined, also in other layers uniformly defined. Table I gives the data for 
one typical series of experiments. Eo equals quanta per minute incident 
upon the cell. 

TABLE I 

X, 366 mp. Temperature, 5' 
[KeCrzO7] [HzSOn] [Ql Eo Eq 'h 
0 00016 0.8 0.000250 6 4 X los6 4 .9X1Ol6 0.057 

00016 .8 .000025 19.2 X los6 4.5 X 10l6 .059 
.00016 .8 .000010 47.0 X 10i6 4.8 X 1016 .057 

Table I proves that 4, when properly determined is independent of 
[Q]. Therefore (nl- 1) = 0 and nl = 1; that is, only one molecule of 
Q is involved in the secondary act. Similar data plotted at  405 and 313 mp 
previously given,' and in Fig. 1 obtained at 366, 280, 254 and 208 mp, lead 
to identical conclusions. 

l.Ol 0 

J 

5 . 2  I 

0 

2 1.4 .: 1.2 
1.41 ;!;I,, , ;, , ; ,  , , ! o , : ; , ; , ,  , I  
2.6 

5.0 4.0 3.0 2.0 
--Log10 [QI. 

Fig. 1.-[KzCrz07], 0 00016; Temp., 23'; E,, 5 X los6. 
Curve X in mp [HPSO~ 1 Slope, nl 

1 366 0.0 0.00 
2 366 .8 . 00 
3 254 .8 .02 
4 280 .8 . 00 
5 208 .8  -.02 

Average .OO 

At 254 and 208 mp a zinc spark consuming 3 k. w. and automatically 
kept constant over long periods was used as a source of light.3 Details of 

(3) Forbes and Brackett, THIS JOURNAI,, 53, 3973 (1931). 



the crystal quartz monochromator working a t  f2 and its operation will be 
somewhat amplified elsewhere. Quantum yields and absorption coeffi- 
cients were measured in a rectangular quartz cell (all seams fused) 85 mm. 
high, 35 mm. wide and 5.7 mm. thick, placed between the exit slit and 
the thermopile by which the highly divergent beam was integrated. The 
method, precautions and corrections followed closely previous investiga- 
tions in this Lab~ratory.~ At these wave lengths all experimental diB- 
culties were increased, also the radiometric corrections, made as previously 
described. 4, is given after correction for direct photolysis of dichromic 
acid absorbing E, quanta per minute. The need for such a correction - ap- 
pears in Table 11. 

TABLE I1 
Temperature, 25". E,, 5 X 1016 

X [KzCrzO~l [HzSO~I 6 

208 mp 0.00016 0.8 0.012 
208 ,00032 .8  .013 
254 .00016 .8 .004 
254 .00036 .8 .005 
280 .003 .8 . 000 

In Fig. 1 a t  254 mp the curve appears nearly horizontal, as was the case a t  
280,313,366 and 405 mp. At 208 my, however, the points B', A' and B", 
as [Q] approaches zero, suggest that the curve may be turning upward as 
dichromic acid absorbs a greater share of the light. Points A and A', 
which average a preliminary set of experiments, should be given less weight 
than the others. Points B and B', on the other hand, each average three 
very concordant final experiments. It, therefore, appears possible that a t  
208 mp we have two activated reactants, each one reacting to a measurable 
extent with the other in its normal state. Conclusive evidence upon this 
admittedly important point would require a further refinement of experi- 
mentation, hard indeed to attain. Clusters in which both reactants are 
simultaneously activated6 might well be exceedingly reactive, but an event 
of such a type ought to be so infrequent as to contribute negligibly to the 
total reaction. 

The data graphed in curve 1, Fig. 1, a t  366 mp were collected to  test 
Morton's prediction6 that the efficiency of dichromic acid as an oxidant 
of quinine should increase, with increase of [HzS04] from zero to 0.37, 
to a maximum incapable of still further increase through light absorp- 
tion. In  the series, E, was held constant as described above and no sul- 
furic acid was added, the quinine bishlfate and dichromic acid being so 
dilute no precipitate appeared. As in the other curves in the figure, 4, 
is unchanged even a t  minimal values of [Q] where the greater part of the 

(4) (a) Villars, THIS JOURNAL, 49, 362 (1927); (b) P. A. Leighton and G. S. Forbes, ibid., 61, 3549 
(1929); (c) W. G. Leighton and G. S Forbes, ibid., 62, 3139 (1930). 

(5) Compare paper of Forbes, Woodhouse and Dean. ibid., 45, 1891 (1923). 
6) Morton, J. Phys. Chem., 33, 1135 (1929). 



Feb., 1933 KINETICS OF THE QUININE-I~ICHROMIC ACID REACTION 59 1 

light available is absorbed by dichromic acid. As 4, does not even now in- 
crease when [Q] becomes very small, it is evident that at  minimal acidity 
light has not measurably increased the reactivity of dichromic acid toward 
non-illuminated quinine. 

Table I11 presents typical data for evaluation of nz. 

TABLE I11 

X, 280 mg. Temperature, 25O 
[ ~ j  [ E ~ s o ~ ]  [&CrzOl] Eo *q +q 

0.001 0.8 0.00016 2.17 X lG1e  1.26X1016 0.094 
.001 .8 .00008 1.71 X 1OIs  1.30 X 1016 .069 
.001 .8 .00004 1.50 X 10I6 1.30 X 1016 .048 

Similar series completed at 405, 366 and 280 mp are shown in Fig. 2, 
where log 4, is plotted against log [K2Cr207] at various wave lengths and 
temperatures. The black dots are based upon Table VIII of Luther and 

h 

1.1 ' 

1.2- 
1.3 

ff 1.5- 

3 1.6 - 0.1 " 
1.7. 

1.8 - 

1.9. 

2.0 - 
I 

6.0 5.5 5.0 4.5 
-Log10 [KgCrzOr I. 

Fig. 2.-0, Temp. 2s0; -3, Temp. 5O; @, Data of L. & F., Ref. 7; [HzSO,], 
0.8; E,, 5 X 1018. 

Curve A in mp [Ql Slope, nr 

1 405 0.01 0.43 
2 405 .004 .43 
3 3 13 .00025 .38 
4 366 .00025 .40 
5 280 .001 .41 
6 280 .001 .48 

Average .42 



Forbes17 log of the relative reaction rates in polychromatic light, 405 and 
366 mp, being plotted as ordinates in place of log 4,. I t  is noteworthy that 
straight lines result in all cases, log 4, = n2 log[H2Cr207] + const.; n2 
is uniformly 0.43 * 0.05 irrespective of wave length or temperature, which 
assigns only half the molecule H2Cr207 to an effective cluster. Possibly 
chromic acid reacts more readily with Q* than dichromic acid. Since 
[H2Cr04 ] = k [~z~rz07]''" a plot of log 4, against log [ H ~ C ~ ~ O ~ ] " ~  would 
have a slope equal to unity within the experimental error and would repre- 
sent the behavior of clusters containing one molecule of chromic acid. The 
residue of the chromate molecule, bereft of one oxygen atom, is unstable and 
would be expected to react again, doubling the immediate quantum yield. 

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 
Log10 (r,,,,,) -l/(r,,) -l. 

Fig. 3.-0, Temp. 23'; -0, Temp. 5'; @, Data of F. W. & D.. Ref. 5; [K2Cr207l, 
0.00016; E,, 5 X lo1@. 

Curve A in mp [Ql Slope, ns 

1 405 0.006 0.02 
2 405 .008 .06 
3 366 .00025 .08 
4 313 .00025 .08 
5 280 .001 .13 

Average .07 

The evaluation of na, for hydrogen ion, was hampered by lack of data 
on activity coefficients in rather concentrated sulfuric acid. Specific con- 
ductivity, r-l, is perhaps the next best measure of the activity of hydro- 
gen ion in clusters. In Fig. 3 log 4, is plotted against l ~ g [ ( r ~ ~ ~ ~ ~ ) - ~ / -  

(7) Luther and Forbes, THIS JOURNAL, 31, 770 (1909). 
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(rH,)- l ] ,  taken from Kohlrausch's  table^.^ The data of Forbes, Wood- 
house and Dean5 appear as black dots, log of the relative reaction rates in 
polychromatic light being plotted as ordinates in place of 4,. Straight 
lines again result, but the average slopes assign to ns the value 0.07 and 
to sulfuric acid a subordinate role in the reaction. Possibly the hydrogen 
ion already present in H2Cr207 or H2Cr04 usually suffices for the secondary 
act involving Q*, the additional hydrogen ion in the cluster increasing only 
slightly the probability of the same. 

The data on the reciprocity law, before plotting,$ were subjected to a 
correction not discussed a t  that time, the need for which appears in Table 
IV. 

TABLE IV 
A, 366 mp. Temperature, 22' 

Minutes Total min. 
irradi- before dq, un- 

[a 1 [KzCIZO~] [H~SOI] Eq X 1 0 - 1 6  ated titration corrected 

1 0.00025 0.00016 0.8 8 60 75 0.062 
2 .00025 ,00016 .8 8 60 1260 .077 
3 ,00025 .00016 8 8 120 135 .065 

As solution (2) was exposed for the same time as (I), the difference in 
4, is attributable to a dark reaction between the photochemical oxidation 
products and dichromic acid during twenty-one hours as the values of 
'Pq in Table IV were corrected for the dark reaction not involving photo- 
chemical oxidation products of quinine. Experiments involving exposure 
to weak light over long periods are misleading until corrected for this dark 
reaction. Solution (3) was exposed twice as long as (1) and then titrated 
promptly. I t  is clear that the oxidation products formed during the first 
hour contributed little if anything to the photolysis during the second hour; 
that is, their quantum yield cannot greatly exceed 4,. A fourth solution 
was photolyzed (A, 366 mp) until about half the quinine was oxidized. 
Absorption of 3 X loz0 quanta (A, 436 mp) by the dichromic acid in the 
solution followed without any effect, proving that the photochemical oxida- 
tion products, like quinine, are not photochemically oxidized in blue light. 

The corrected decrease in 4, with increase in light in ten~i ty ,~  as well 
as the small size of 4, itself, suggests the hypothesis that photochemically 
efficient clusters are formed at a relatively slow rate. An increased 
light intensity might be expected to eliminate such clusters more rapidly, 
and cut down their concentration which existed in the previous steady 
state. Thereafter, a smaller fraction of the total quanta absorbed would 
activate quinine already present in efficient clusters, causing 4, to de- 
crease. This effect was found most striking in solutions most concentrated 
in dichromic acid, as shown in Table V. 

(8) Kohlrausch, "Physical R.Ieasurements," D. Appleton and Co., New York, 1874, P. 236. 
(9) Ref. 1, Figs. 4, 5 .  



TABLE V 

A, 366 mp. Temperature. 22' 
[Ql [KZCTZO~] [HzSO~] Eq X 10-16 ds 

0.00025 0.00016 0 . 8  18.0 0.058 
1 .8  .070 

.00025 .00008 . 8  18.0 .048 
1 .8  .052 

.00025 .00004 . 8  18.0 .039 
1 .8  .040 

In a previous paper1 the relation between wave length and quantum 
yield was discussed. To make the data there more complete, we have 
since determined +,, 0.070 a t  334 mp, compared with a value of 0.060 at 
366 and a t  313 mp, under conditions otherwise identical. 

Using a Judd-Lewis sector spectrophotometer in a more detailed study 
of the variation of the extinction co&cient of quinine, K,, with variation 
of [H2S04] and wave length we found that from 405 to 208 mp, log K ,  
is a linear function of either the log [H2SOr] or the log [Q], the other being 
held constant. A shift of 200 cm.-l of the absorption curve of [Q], 
0.0001 mole per liter, toward smaller wave numbers was observed in 
passing from 0.004 to 4.0 m HzSO4. In the steeper parts of the absorption 
curve, accurate data regarding [HzSOd] are therefore indispensable. 

Ten-degree temperature coefficients, 6,,,9, = (&), + ,,/($,),, be- 
tween 5 and 24' (one determination only a t  29') a t  various wave lengths 
appear in Table VI. Each entry gives the average of two or more com- 
plete experiments. Increments of [K2Cr207] seem to lower 61004q slightly, 
but doubling [HzSO~] does not seem to affect it measurably. The increase 
in 6100+q a t  shorter wave lengths is too small to warrant theoretical argu- 
ment. Further, the average of 6,,04,, 1.12, approximately equals (273 
+ 20)3/(273 + which suggests an interesting possibility. 

Ten-degree 
temperature 

d4 coefficient 
0 .039at22" 1.17 

.055at2g0 1.10 

.054at23" 1.02 

.070at24O 1.07 

.070at25" 1.08 

.064at24" 1.14 

.064at23" 1.16 

.033at24" 1.17 

.050at2Z0 1.17 

.069at22' 1.16 

.083 at 21" 1.12 

.028at22' 1.15 
Average 1.12 
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In a gaseous system the number of bimolecular collisions, 2, experienced 
by a particle having a mean free path I for a mean linear displacement X is 

Z = 3nXa/412 (1) 

For a particle in a liquid system Einsteinlo and von Smoluchowskil~howed 
that in one second 

- k T 
x2 3 - 

3rr)r (2 )  

where k is the gas constant per moiecule, q the viscosity of the solvent, 
Y the radius of the particle and T the absolute temperature. Granting that 
(1) can be made applicable to collision numbers involving ions in a liquid 
system by multiplying Z by a constant factor, we can substitute (2) in (1) 
and note that q for water between' 0 and 30' is proportional to 1/T2, where- 
upon Z = f(T3). Over the temperature range 5 to 24O, [(297)3/(278)3] 
X 10/19 = 1.115. 

The above calculation would be also in accord with our tentative view 
that activated quinine reacts with dichromic (or chromic) acid in a bi- 
molecular process requiring no additional energy of activation. I t  should 
be noted that this is not in harmony with the views held by Moelwyn- 
Hughes12 and others, namely, that 2 is directly proportional to the viscosity 
and hence has a negative temperature coefficient. If Moelwyn-Hughes' 
contentions are correct, a positive heat of activation, smaller than that of 
the average thermal reaction, would be indicated for the secondary act, 
and no obvious evidence of a bimolecular reaction would appear. 

The investigation of quinine derivatives is being continued. 

Summary 
The photochemical reaction between quinine and dichromic acid ap- 

parently occurs in photochemically efficient clusters (not complexes) con- 
taining the above. Individual concentrations were varied; other vari- 
ables, including concentration of activated quinine, were fixed. Seven 
wave lengths over the range 405 to 208 mp were used. By graphical meth- 
ods, reaction order was found to be zero for quinine and 0.43 for H2Cr207 
or 0.86 for H2Cr04. These values correspond to 0.50 and 1.00, respec- 
tively, within experimental error. A reaction order of 0.07 for H2SOd 
assigns a subordinate role to this reactant. It is barely possible that a t  
208 mp only, both the quinine and the dichromic acid are photosensitive. 

I t  is shown that when the total absorbed light is divided between two 
(or more) constituents of the solution, the total intensity must be regulated 
so as to maintain the same concentration of the effectively activated con- 
stituent in all the experiments used to establish the effect of changing the 
concentration of some other reactant. 

(10) Einstein, Ann. Physik,  [4] 17, 549 (1905); 19, 371 (1906). 
(11) Von Smoluchowski, ibid.. Zl, 756 (1906). 
(12) Moelwyn-Hughes, J. Chem. Soc., 96 (1932). 
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Quinine concentration being held constant, an increase in sulfuric acid 
concentration from 0.004 to 4 moles per liter shifts the whole absorption 
curve 200 cm.-I toward the red. 

The ten-degree temperature coefficient, 1.12, agrees with one mode of 
calculating the temperature coefficient of the collision number in solu- 
tion of a bimolecular reaction between activated quinine and H2Cr04 
without additional energy of activation. Another calculation predicts a 
small energy of activation. 

CAMBRIDGE, MASSACHUSETTS RECEIVED AUGUST 12, 1932 
PUBLISHED FEBRUARY 9,1933 

Ammines of the Lower Chlorides of Titanium 

Although anhydrous titanium dichloride and trichloride have been the 
subject of numerous investigations, conflicting statements relative to some 
of their properties, and the absence of data concerning others, make the 
further study of these compounds desirable. In particular, the recorded 
observations which concern the preparation of the two chlorides appear in 
some respects to be in need of revision, and comparatively little is known 
concerning the reactions of these two substances with ammonia. The aim 
of the present paper is to contribute further information on each of these 
subjects. 

Ruff and NeumannL prepared the anhydrous trichloride by reducing the 
tetrachloride with various metals. They obtained it as violet crystals, 
which when heated in a vacuum slowly began to sublime a t  425', and to 
decompose at  450' into the di- and tetrachlorides. At 475' this de- 
composition proceeded rapidly, and the dichloride thus obtained was very 
stable to heat and not volatile in a vacuum even a t  600'. It is interesting 
to  note that they were unable to obtain samples of high purity; they 
accounted for their high titanium content and low chlorine content by 
assuming that their samples had become oxidized during the course of the 
preparation. Earlier investigators similarly had failed to obtain pure 
specimens. 

Meyer and co-workers2 prepared the trichloride by the reduction of the 
tetrachloride with hydrogen at  high temperatures, employing the hot-cold 
tube previously used by Georges and Stahler.3 At 800-1000° they ob- 
tained a mixture of the di- and trichlorides, which was converted com- 
pletely into the trichloride by heating to 300' in a stream of hydrogen and 

(1) Ruff and Neumann, Z. anorg. allgem. Chem., 128, 81 (1923). 
(2) Meyer, Bauer and Schmidt, Ber., 66, 1908 (1923) 
(3) Georges and Stahler, ibid., 42, 3200 (1909). 
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tetrachloride vapor. Their final product, which had the appearance of 
violet scales, represented a yield of approximately 30%. To account for 
the large proportion of dichloride in the primary product, they assumed 
that the reduction to trichloride was not a simple one, but rather one 
involving two steps 

TiC14 -t. H2 = Tic12 + 2HC1 
TiClz 4 Tic14 = 2TiCls 

The iirst reaction supposedly took place in the hotter parts of the reactior, 
tube and the latter in the colder. This assumption evidently presupposes 
that the dichloride is volatile a t  high temperatures, as indeed the earlier 
investigators claimed. Thus Friedel and Gu6rin4 reported that the di- 
chloride volatilizes a t  red heat and Stahler and Bachran5 stated that the 
substance sublimes at  300° in vacuo. In view of the fact that, according to 
RUE and Neumann, the trichloride sublimes at 425', and then but slowly, 
the above statements appear doubtful, since in a series of chlorides vola- 
tility, in general, decreases with decreasing chlorine content. 

Experimental 
Preparation of Titanium Trichloride and Titanium Dichloride.-The titanium tri- 

chloride used in this work was prepared by reduction of the tetrachloride with hydrogen 
a t  650 O .  The tetrachloride previously had been distilled several times in an atmosphere 
of dry carbon dioxide, the co1orIess fraction, b. p. 136-137O, being collected in sealed 
tubes each containing approximately 30 g. In the reduction a rnodified form of the hot- 
cold tube described by Young and Schumb was employed.6 In order to minimize the 
danger of hydrolysis during the transfer of the tetrachloride from its sealed container to 
the apparatus, the substance was frozen and admitted against a brisk countercurrent of 
dry carbon dioxide into a flask which formed part of the apparatus; thence it was 
slowly distilled into a second flask and the former sealed off from the latter. A stream 
of dry, oxygen-free hydrogen, bvbbling through the liquid, carried the tetrachloride 
vapor into the reaction chamber (35 cm long and 30 mm. wide), which was heated in a 
hinged type electric furnace. The titanium trichloride formed was collected upon an 
8-mm. tube, cooled internally by a rapid stream of water. The unchanged tetra- 
chloride was recovered practically quantitatively from the effluent gas by passage 
through two traps, chilled to -20 and -78O, respectively. 

Due to the reversibility of the reaction, 2TiC14 + Ha 2TiCl~ + 2HC1, in order 
to obtain satisfactory yields of the trichloride it is essential to remove the hydrogen 
chloride rapidly. Meyer and co- worker^,^ employing a gas mixture containing 16.6 
mole per cent. of tetrachloride, and a reaction rate such that 20 to 30 g. of trichloride 
was formed in from three to four hours, accomplished this with the aid of metallic ti- 
tanium present in the reaction tube. However, if a slower reaction rate was used to- 
gether with a rapid hydrogen current, the concentration of hydrogen chloride could be 
kept low throughout the process. To this end a comparatively low reaction temperature 
should be used; this has the added advantage of permitting but slight decomposition 
of the trichloride formed. The gas mixture in the reaction chamber, moreover, should 
contain relatively little tetrachloride vapor; hence the liquid through which the hydro- 
gen bubbles should be kept a t  a moderately low temperature. For this purpose the 

(4) Friedel and Gu6ri11, Compt. rend., 81, 889 (1875). 
(5) Stahler and Bachran, Be*., 44, 2906 (1911). 
(6) Young with Schumb, THIS JOURNAL, 52, 4233 (1930). 



vapor pressure of the tetrachloride a t  25' was determined and found to be approximately 
21 mm From this it may be estimated that the mixture resulting from the passage of 
hydrogen through the liquid a t  25' contained about 2 75 mole per cent of tetrachloride 
vapor. The rate of flow 250 cc. of hydrogen per minute was adopted as the most suit- 
able; under these conditions 30 g. of tetrachloride was volatilized in about nine hours. 
To  ensure adequate drying of the gas a t  this rate of flow, four 60-cm drying tubes, the 
first two containing "Dehydrite" the latter two phosphorus pentoxide, were used. 
Since the gas mixture rapidly passed through the reaction tube, a long hot space was de- 
slrable, and the cold tube accordingly was allowed to extend only 6 or 7 cm into the 
heated zone, the resulting area of cooling surface being quite sufficient t o  collect the 
product. 

The temperature of the reaction tube was raised gradually and a t  600' a black de- 
posit appeared on the tip of the cold tube. As the temperature approached 650" this 
deposit assumed a distinctly crystalline appearance, the crystals consisting of large thin 
plates as  well as short needles, both black in color When two or three grams of tri- 
chloride had collected on the cold tube the temperature was lowered to 300°, the stream 
of cold water shut off and the hydrogen current reduced to two bubbles per second 
The flask containing the tetrachloride was warmed so as  to  allow these vapors to  pass 
through in large quantities, in order that any dichloride present might thus be converted 
into the trichloride. When all the tetrachloride had vaporized, the slow hydrogen cur- 
rent was continued in order to remove any tetrachloride adhering to the trichloride of to  
the walls of the apparatus. The reaction chamber was then allowed to cool to room 
temperature and the hydrogen was displaced by dry, oxygen-free carbon dioxide. The 
traps containing the unchanged tetrachloride were then sealed off and by suitably ro- 
tating the reaction tube the black product was shaken down into a side tube, wherein it  
could be divided into two samples (each weighing about a gram) and sealed off. 

The violet color hitherto ascribed to titanium trichloride is probably due to traces 
of moisture; when a sealed tube containing the black crystals is opened the color in- 
stantly changes to  violet, although moist air has no apparent further effect for some 
time. The needles gave indications of being, in general, somewhat more reactive than the 
plates. 

The action of heat on the trichloride was studied in a vacuum of approximately 
0.001 mm. The temperature was raised slowly, and a t  425-440" the crystals were 
observed to volatilize very gradually, thin transparent violet plates 3 or 4 mm. in diame- 
ter depositing just beyond the heated portion of the tube. The violet color in trans- 
mitted light is here due doubtless to  the excessive thinness of the plates. At a slightly 
higher temperature, approximately 450°, the trichloride was observed to decompose, 
yielding the di and tetrachlorides, the latter collecting as  a white solid in the far end of 
the tube, which was chilled to -78". While a t  450' the decomposition was very slow, 
it  proceeded at  475' a t  such a rate that  a 1-g. sample required twelve hours for complete 
decomposition. 

Attempts to prepare a dichloride of high purity failed, despite all precautions to  
exclude air and moisture. The purest sample obtained gave the following analysis: 
Ti, 41.5%; C1, 56.4%; as compared with the calculated values. 40.4 and 59.6%, re- 
spectively. When the samples were treated with water, a small fraction, which proved 
to be elementary titanium, invariably remained unaffected. In  order to  determine 
whether this titanium was derived from decomposed dichloride, a specimen of the latter 
was introduced into one end of an evacuated tube and heated to 475O, the other end being 
chilled strongly. The appearance within a few hours of a white solid in the chilled end 
of the tube indicated that the reaction 2TiCIz = T i c 4  + Ti  had commenced. The 
volatility of the dichloride was next tested by heating in a vacuum over the range 300- 
600°, but a t  no time was any evidence of sublimation observed. The same experiment 
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was repeated in an atmosphere of hydrogen, but the appearance of tetrachloride con- 
stituted the only noticeable change. The possibility that the dichloride is appreciably 
volatile in vacuu or in an atmosphere of hydrogen may therefore be excluded, and the 
hypothesis advanced by Meyer as to the mechanism of the reduction of the tetrachloride 
cannot be substantiated, The large amount of dichloride obtained was probably due to 
the decomposition of the trichloride at  the high temperature employed. 

Since the dichloride is slowly decomposed at  476O, it is hardly possible to prepare 
it in a state of purity by the method above described. Calculated on the basis of chlorine 
discrepancy, the decompgsition of the dichloride we obtained amounts to approximately 
57, of the original sampie. From the results of Ruff and Neumann the figures 8.4 and 
9.2y0 are obtained, while the titaniuin content of Sshler and Bachran's dichloride ranged 
from 7.0 to 9.4%. 

Reactions of Titanium Trichloride and Titanium Dichloride with Ammonia.- 
Georges and Stiihlers reported that when titanium trichloride is shaken with liquid 
ammonia a yellow emulsion is formed, and part of the substance appears to dissolve, 
and Friedel and Gu6rin7 studied the reaction between the dichloride and ammonia a t  
red heat. In view of the fact that these substances are extremely reactive toward 
water, it is reasonable to suppose that they should react with ammonia a t  low tempera- 
tures. 

In some preliminary experiments ammonia was conducted over the two chlorides 
at  room temperature; both swelled up considerably and heat was evolved. The prod- 
uct formed was white in the case of the trichloride, but the dichloride yielded a pearl- 
gray substance. The experiments were repeated a t  -78' and the same results were 
noted. Two alternative modes of reaction are possible. The two chlorides may form 
molecular addition compounds, as is generally the case with halides of the metallic ele- 
ments; or, as frequently happens with halides of non-metallic elements, mixtures of 
ammonium chloride and an amide or imide of the non-metal (depending on the tempera- 
ture) may be formed. Stahler and Wirthweins have reported the formation of titanic 
tetramide by the interaction of the tetrachloride with liquid ammonia. With titanium 
in its lower valences it is of interest to determine whether, accompanying the increase in 
basigenic character of the element, the formation of true ammines becomes possible. 
The following experimental work, undertaken from this point of view, proves such to be 
the case. 

Reaction of Titanium Trichloride with Ammonia.-The apparatus used was a 
modification of that which Thomas and PughQ recently have employed in similar work on 
germanium tetrachloride. This apparatus allowed ammonia to act on the chlorides a t  
any temperature between -78' and room temperature, and also permitted the product 
formed to be thoroughly stirred and washed several times in liquid ammonia, so that any 
ammonium chloride might be removed. In order to be sufficiently dried, the entire 
apparatus was alternately thoroughly evacuated and filled with dry carbon dioxide. 
This gas was taken from a ten-liter reservoir, which was equipped with a manometer and 
filled from a cylinder after passage of the gas through a purifying train to remove oxygen 
and moisture. The trichloride was introduced from one of its sealed containers by 
opening one end and rapidly attaching it to a piece of heavy-walled rubber tubing, the 
other end of which was connected to the open tube (a), shown in the accompanying figure 
The system was evacuated and refilled with carbon dioxide. The trichloride was shaken 
down into the 26-mm. reaction tube (b) and the tube (a) sealed off as indicated. The 
major portion of the crystals was caught in the shallow, heavily gold-plated copper dish 
(c) .  This dish, about two mm. less in diameter than the reaction tube, was held in place 

(7) Friedel and GuBrin, .4nn. chim. phys., [61 8, 24 (1876). 
(8) Stahler and Wirthwein, Ber., 38, 2619 (1905). 
(9) Thomas and Pugh, J. Chem. Soc., 61 (1931). 



by indentations in the glass above and below, but was free to move vertically about two 
mm. The reaction tube was surrounded by a cylindrical vacuum jacket closed at the 
lower end with a rubber stopper. Connection between the receiver (d) and the reaction 
tube was a t  &st made through a wide-bore stopcock, but this proved unsatisfactory, 
as when liquid ammonia filled the tube fissures formed in the lubricant, causing leakage 
of air. The connection was subsequently made with a thick-walled rubber tube, closed 
with the screw-clamp (g). The ammonia was conveyed from a cylinder into an evacu- 
ated bulb (e), where it was condensed and dried with sodium. Approximately one quar- 
ter of the liquid was then evaporated, the vapor, sweeping out any air and hydrogen, 
escaping through the mercury trap (f), which was arranged to serve as a manometer as 
well. 

The cylindrical vacuum jacket surrounding the reaction tube was cooled to -78", 
the system evacuated with the screw-clamp (g) closed, and ammonia slowly admitted 

from (e) . The trichloride swelled up 
to form a spongy mass, six or seven 
times its original volume, with but 
slight change in color. Ammonia was 
allowed to condense until the liquid 
entirely surrounded the spongy mass, 
which gradually collapsed to form a 

h grayish powder. The supernatant 
2 liquid had a yellow color, as Georges 
Y1 w and Stabler reported, but it was less 
L. pronounced after the second treat- 
0 

..A ment and finally disappeared alto- 
gether. As the liquid was allowed to 
warm violent bumping commenced, 
and the vibrations of the dish caused 
the powder to be thrown about in it. 
This provided a means of thorough 
stirring; as the temperature was low- 
ered the bumping ceased, and as the 
powder settled all but a small portion 
was caught in the dish. After this 

f stirring process had been repeated a 
few times and the pressure of the am- 
monia had become atmospheric, the 

Fig. 1. screw-clamp (g) was opened and the 
liquid passed down into (d), where 

it was allowed to evaporate. The clamp was closed, the reaction chamber again filled 
with liquid ammonia, and the above operations were repeated four or five times. The 
total time of exposure to ammonia was in no case less than twelve hours. If a mixture 
of imide and ammonium chloride had been formed, there was thus ample time and 
opportunity for the latter to be leached out by the liquid. After the last treatment the 
reaction tube was allowed to warm up to room temperature, the ammonia escaping 
through the mercury trap. In the iirst few experiments the ammonia was replaced by 
carbon dioxide; both gases were sufficiently dry to prevent any observable reaction be- 
tween them. When the apparatus was completely filled with the latter gas, it was turned 
to a horizontal position and the product divided into two samples, which, one a t  a time, 
were shaken down into (a) and sealed off. 

The product thus obtained is white, though grayish when moistened with liquid 
ammonia, and reacts violently with water-more so, in fact, than is the case with the 
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trichloride itself. When kept in a sealed tube in an atmosphere of carbon dioxide i t  
darkens perceptibly within a day or two; hence it was preserved in an atmosphere of 
ammonia, even though this introduced complications in the subsequent analysis. 

Analysis.-The sample was dissolved in dilute nitric acid and then boiled with an 
excess of alkali, the ammonia being collected in a known amount of acid. The appa- 
ratus consisted of a three-necked Woulfe bottle, through one neck of which the sample 
was introduced, while through a second neck alkali was admitted from a separatory 
funnel. The liberated ammonia was conveyed through a splash bulb and a condenser 
into an Erlenmeyer flask containing the acid, the excess of which was then determined 
by titration, using methyl red as indicator. This method was shown to yield suffi- 
ciently accurate results by separate experiments with known weights of pure ammonium 
chloride. 

The sealed glass tube containing the sample to be analyzed, together with some free 
ammonia, was weighed and opened, correction being made for the buoyancy of the gas.1° 
The open end was rapidly inserted into one neck of the thoroughly dried Woulfe bottle, 
while a counter current of dry air through the apparatus swept out the same neck. The 
free ammonia, lighter than air, was thus rapidly swept out in a few minutes by the air 
current. The neck was then closed by a rubber stopper and 2 N nitric acid slowly 
admitted from the funnel until a clear solution was obtained. Sodium hydroxide solu- 
tion was added in considerable excess and water to make the volume 200 cc. The 
liquid was carefully boiled until its volume had been reduced to 50 cc., this operation re- 
quiring about two hours. The excess acid was then titrated with carbonate-free sodium 
hydroxide. 

The liquid remaining in the Woulfe bottle was diluted and acidified with nitric acid. 
A precipitate containing titanium hydroxide and silicic acid (derived from the glass) 
appeared. This was filtered off, silver nitrate was added, and the chlorine determined in 
the usual manner. Titanium was not determined in the above-mentioned precipitate, 
but separate samples were dissolved in dilute nitric acid, the titanium precipitated with 
ammonia, washed, dried, ignited and weighed as TiOz. The chlorine was also deter- 
mined in these samples (I and 11, below). The results agree reasonably well with the 
values calculated for titanium trichloride hexammine. 

Calcd. for 
TiCIrBNHa 

Properties.-Titanium trichloride hexammine is a white powder which 
reacts violently with water, yielding the familiar solution of trivalent 
titanium. I t  dissolves in dilute nitric acid to form a clear solution. When 
exposed to air it smells strongly of ammonia and darkens rapidly. In  a 
sealed tube filled with dry carbon dioxide it darkens less rapidly, but never- 
theless appreciably.ll It decomposes even when preserved in contact with 
dry ammonia a t  atmospheric pressure. Thus after a week a 0.8332-g. 
sample so preserved contained only 36.6% of ammonia. When gently 
heated in a vacuum it readily gives up four moles of ammonia and turns 
black, but the remaining two moles appear to be held tenaciously. The 

(10) As the tubes were never more than 12 cc. in volume, they contained less than 0.01 g. of free 
ammonia. 

(11) After five days a 0.5037-g. sample kept in a 12-cc. tube showed but 32.4% NNz. 
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resulting black substance is so reactive that it catches fire on exposure to 
moist air. 

The thermal decomposition of the hexammine was studied quantita- 
tively. The ammonia set free by heating the substance in a Wood's metal 
bath a t  300' was condensed in a bulb immersed in liquid air. When the 
decomposition appeared to be complete, as indicated by the color of the 
residue and by the fact that no further ammonia condensed, the bulb was 
sealed off and the weights of the black residue and ammonia were deter- 
mined. The percentages of ammonia released from the original samples 
correspond to 4.08 and 4.15 moles, respectively. 

O/o NH, evolved Wt. residue Wt. NHs from orig. sample 

I 0.4743 0.1760 27.07 
I1 1.2390 .4722 27.53 

The black residue was then analyzed for titanium and chlorine in the 
usual manner, but the content of ammonia, though its presence was shown 
qualitatively, was determined by difference. This difference was calcu- 
lated on the assumption that the original material before heating contained 
39.81% of ammonia From this amount the weight of ammonia condensed 
by the liquid air was deducted, after the necessary corrections for the 
presence of free ammonia in the sample tube had been made. 

Calcd. for 
I I1 TiCk2NHa 

Ti 26.1 26.4 25.5 
C1 55.7 56.0 56.4 
NHa 17.5 16.9 18.1 

Although the evidence offered by the preceding analyses is not considered 
sufficient to afford conclusive proof of the existence of a diammine of 
titanium trichloride, it indicates that on gentle heating the hexammine 
gives off four moles of ammonia, and the resulting substance is probably a 
diammine and not a chloronitride, such as Ruff and Eisner reported in the 
case of the decomposition of the tetrachloride hexammine.12 As the 
temperature is raised, no more ammonia is set free, and finally a second 
decomposition occurs, involving the disintegration of the trichloride. 
Ammonium chloride was identified as one of the products. 

Reaction of Titanium Dichloride with Ammonia.-The apparatus and 
procedure employed was the same as that used with the trichloride. The 
dichloride was in contact with liquid ammonia for a period of twelve hours, 
duringlwhich time the material was thoroughly stirred and washed five or six 
times. Because the dichloride is a fine dry powder, as compared with the 
comparatively large crystals of the trichloride, a larger amount was lost 
during the stirring operations, and therefore the samples were rather small. 

(12) RUE and Eisner, Bn., 41,2280 (1908). 



In other respects the dichloride behaved as did the trichloride; the product, 
however, was pearl gray rather than white. 

Analysis.-The method of analysis for ammonia and chlorine was that  
used with the corresponding compound of the trichloride. A Pyrex 
Woulfe bottle, which was found to be resistant to the action of a boiling 
alkali solution, was employed, and the amount of silica dissolved was 
sufficiently small to allow the determination of titanium in the same 
sample Before the final weighing of titanium dioxide, 2ny silica that 
might possibly be present was volatilized by heating with hydrofluoric and 
sulfuric acids. 

Due to  the diBFiculty of obtaining specimens of titanium dichloride free 
from both the trichloride and elementary titanium, the samples of reaction 
product were never wholly pure. Inasmuch as elementary titanium does 
not react with ammonia under the conditions used, i t  was thought less 
objectionable to work with samples containing 5% of free titanium, rather 
than with samples containing small amounts of trichloride. When samples 
of the reaction product were treated with water a small fraction remained 
unaffected, as with the dichloride itself, but as the solution above was 
always turbid from hydrolysis, i t  was not feasible to separate the free 
titanium by filtration. The content of elementary titanium in the samples 
was determined by independent analysis of the original dichloride, and also 
by noting the amount of titanium in the reaction product in excess of the 
atomic ratio 1:2. Both methods gave approximately the same results, 
the composition of the product corresponding reasonably well with the 
formula TiCI2.4NH3. 

Calcd. for 
I I1 I11 TiCh-4NHs 

Ti 25.26 25.10 25.73 25.63 
C1 37.26 37.14 37.34 37.92 
NHs 35.83 36.61 36.13 36.45 

Properties.-Titanium dichloride tetrammine as thus obtained is a 
pearl-gray powder which smells strongly of ammonia when exposed to  air. 
I t  dissolveswin water with the evolution of hydrogen, yielding a dark brown, 
turbid solution, but the reaction is slower than that of the dichloride itself. 
Dilute nitric acid dissolves i t  with a hissing sound, forming a yellow solu- 
tion which is not quite clear, and as in the case of the water solution minute 
particles of elementary titanium remain undissolved. When heated a t  
300' in a vacuum it  gives off ammonia, ammonium chloride appearing 
simultaneously. This was driven to the cooler parts of the tube, and when 
the decomposition appeared to be complete the black residue was sealed off 
and analyzed. It was found to contain approximately 60% of titanium, 
and is presumably a nitride; a sample free from chlorine was never ob- 
tained, five or six per cent. of the latter invariably remaining despite con- 
tinued heating. The presence of nitrogen was shown qualitatively, but 



specimens sufficiently pure to justify a quantitative analysis could not be 
obtained. 

The authors are indebted to Dr. E. Lee Gamble for kind assistance in 
some of the analytical work. 

Summary 

Anhydrous titanium trichloride, prepared by the reduction of the tetra- 
chloride with hydrogen a t  650°, exists in two crystal forms, plates and 
needles, both black in color in reflected light. Exceedingly thin plates show 
a violet color in transmitted light. The data of Ruff and Neumanri 
relating t o  the behavior of the trichloride when heated in a vacuum are 
confirmed. 

Anhydrous titanium dichloride, prepared by the thermal decomposition 
of the trichloride, is sbwly decomposed when heated in a vgcutlrn to 475'. 
Therefore specimens of the dichloride so prepared are inevitably contami- 
nated with free titanium. No evidence of volatility is obtained when the 
dichloride is heated over the range 300-600°, either in a vacuum or in an 
atmosphere of hydrogen. The hypothesis concerning the mechanism of 
reduction of the tetrachloride by hydrogen, advanced by Meyer, Bauer 
and Schmidt, therefore cannot be substantiated. 

The trichloride combines with ammonia a t  low temperatures to form a 
white hexammine. Liquid ammonia does not dissolve out any ammonium 
chloride, despite prolonged stirring and washing. The possibility that the 
compound is not a true ammine, but rather a mixture of an imide and 
ammonium chloride, is therefore excluded. On heating to 300° the hexam- 
mine readily gives off four moles of ammonia, a reactive, black substance, 
probably a diarnmine, remaining behind. 

The dichloride likewise reacts with ammonia a t  low temperatures, 
yielding a pearl-gray tetrammine, the properties of which are in general 
similar to those of the hexammine of the trichloride. 

CAMBRIDGE, MASSACHUSETTS RECEIVED AUGUST 13, 1932 
PUBLISHED FEBRUARY 9. 1933 
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[CONTRIBUTION PROM THE DEPARTMENT OR CHEMISTRY, C O L ~ I A  UNIVERSITY] 

The Dissociation Pressures of Magnesium Ammonium 
Phosphate Hexahydrate and Some Related Substances. VII 

In 1847 Heintzl published a method for the determination of mag- 
nesium or phosphorus based upon the precipitation of these elements as 
magnesium ammonium phosphate hexahydrate and the ignition of i t  to 
magnesium pyrophosphate. This method, as improved by Gibbs2 in 1873, 
has come into very general use. It was and is, however, subject to a large 
number of possible errors, and there have appeared, therefore, in the last 
sixty years ninety or more research reports upon its various phases. The 
facts brought out by these studies fall mainly into two groups: those 
dealing with the conditions necessary to the quantitative precipitation of 
the magnesium or phosphorus in the form of pure MgNH4P04.6H20; and 
those dealing with the ignition of this precipitate to MgzP207. The subject 
has been attacked from almost every conceivable angle. 

Nevertheless there remains still a need for some information which may 
be deemed important for the ignition of the hexahydrate. It seems note- 
worthy that, although the salt precipitated is a hydrate which loses its 
water of hydration during the ignition process, there should be a lack of 
information upon its dissociation pressure. Furthermore, i t  is not only a 
hydrated ammonium salt which loses both its water of hydration and its 
ammonia, but also an orthophosphate which is converted to a pyrophos- 
phate by the loss of water of constitution. Consequently we believe that a 
knowledge of the pressure developed in the reactions involved during 
heating will help to ensure an intelligent manipulation of an operation 
which is so vital a part of a quantitative procedure. 

I t  seems probable, therefore, that a study of the dissociation of mag- 
nesium ammonium phosphate from the viewpoint of the phase rule may 
yield valuable information. According to the phase rule, a salt hydrate 
that dissociates into a lower hydrate or an anhydrous salt and a gaseous 
phase is a two-component system, and with three phases present it is uni- 
variant. A large number of such systems have been studied and reported 
in the literature by a number of very able investigators. Among those who 
have done much in this field to improve the method for measuring dissocia- 
tion pressures of such systems are: J~hns ton ,~  whose excellent apparatus 
and method present a real improvement, Baxter and Lansing, Frowein, 
Menzies and W i l ~ o n . ~  The last two mentioned give good criticisms of the 

(1) Heintz, Pogg. Ann., 73, 137 (1847) 
(2) Gibbs, A m .  J. Sci., [3] 5, 115 (1873). 
(3) Johnston, Z. physik. Chem., 62, 330 (1908). 
(4) Baxter and Lansing, THIS JOURNAL, 42, 419 (1920); Frowein, 2. physik. Chem., 1, 5 (18871; 

Menzies, Tms JOURNAL, 42, 1952 (1920); Wilson, ibid., 43, 704 (1921). 



many preceding researches and list the errors often made in manipulation 
and measurement. 

The studies referred to above deal with univariant systems. Mag- 
nesium ammonium phosphate hexahydrate also forms such a system when 
i t  dissociates into a lower hydrate and water. However, in its case there is 
a further dissociation which yields a magnesium acid phosphate and 
ammonia and forms a third solid phase and a third component. This 
system, consisting of three components present in four phases, is also 
univariant and has, therefore, a definite dissociation pressure a t  any fixed 
temperature. Therefore both the two-component and three-component 
systems are represented in this investigation. Systems 1, 4 and 5 listed 
below consist of two components, while systems 2 and 3 contain three 
components. The following systems were studied 

S

y

stem 1. MgPJHaPOc6H20, M~NHIPOCH~O, HrO 
System 2. MgNH4P04.6H20, MgNH4P04.H~0, MgHPOc3H20, 8 0 ,  NH8 
System 3. M~NH~POCHZO, MgNHdPOd, Mg2P207, NHs, H20 
System 4. M ~ H P O C ~ H ~ O ,  MgHP04.3H20, HzO 
System 5. M~HPOC~HZO, M ~ H P O C H ~ O ~ H Z O  

Preparation and Analysis of Materials 
MgNHdPO4.6HpO.-Equivalents of NazHPO4.12H2O. carefully purified, and magne- 

sia mixture (usually about one liter of each, of one-tenth molar concentration), were 
mixed and the precipitate dissolved in hydrochloric acid. Very dilute ammonium hy- 
droxide was then added slowly with constant stirring until the salt was almost all pre- 
cipitated. Then more concentrated ammonium hydroxide was added until its concen- 
tration was approximately one molar. After standing for four hours or more, it was 
washed with water until a sample of it dissolved in one-tenth molar nitric acid gave no 
test for chloride with siliver nitrate. After it was filtered on a hardened filter paper in a 
Buchner funnel and washed with four 50-cc. portions of absolute ethyl alcohol, then with 
four 50-cc. portions of anhydrous ether, it was transferred to a bottle where suction was 
applied by means of an oil pump for an hour. The salt adhering to the filter paper was 
rejected to reduce the danger of organic impurities. By this method a number of lots 
were prepared, all of which were shown by the microscope to be distinctly and uniformly 
crystalline, gave the theoretical loss in weight on ignition closer than one part per 
thousand, gave the theoretical percentage of ammonia within one part per thousand and 
gave snow-white residues on ignition. 

MgNH4P04.H10.-This salt was prepared by the same method as the hexahydrate, 
except that it was precipitated from boiling solution, kept in an oven in the mother 
liquid a t  100-102" for twenty-four hours, washed with boiling water, and dried in an 
oven a t  106' for eight hours. I t  was very uniformly crystalline, consisting of square, 
flat aystals, gave the theoretical loss in weight upon ignition, the theoretical ammonia 
content, and snow-white residues upon ignition. 

MgHP04.7H20.-Equivalents of MgS04.7H20 and NapHP04.12H20 in solutions 
were mixed; the precipitate was dissolved by adding a small amount of sulfuric acid, 
and reprecipitated by adding slowly a dilute sodium hydroxide solution. The salt 
was washed with water, alcohol and ether, dried on a glass plate until free from ether, 
and bottled. I t  consisted of large needle-shaped crystals which gave the theoretical 
loss of weight upon ignition. This hydrate is very unstable. Further comment will 
be made later. 
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MgHY04 3HsO.-When the MgHP04.7H20 still in its mother liquid was warmed to 
35". the long needle-like crystals changed to the rhombic form. Upon ignition these 
gave the theoretical loss in weight for the reaction 2MgHPO4 3H20 ZM~,P~O? 3- 7H20 
and a snow-white residue. 

Apparatus 
The apparatus used for the measurement of pressures is an adaptation of that of 

Kiehl and Wal la~e,~  which was a n~odification of that of John~ton.~ Some of the sys- 
tems, in fact, may well be measured with practically the same arrangement. The first 
salt studied, MgNHaPOd 6Hz0, however. has such an exceptionally high dissociation 
pressure that with this form of apparatus it was impossible to prevent the condensation 
of the water. The water vapor pressure produced was so near that of water itself that 
even a slight di'iference of temperature between the furnace and the steam-jacket caused 
condensation in the cooler portion of the system within the steam-jacket. 

Fig. 1A.-Apparatus for the measurement of Fig. lB.-Modified 
dissociation pressures. manometer used in 

determining the ratio 
of water to ammonia 
in the vapor phase. 

A modification was made, therefore, whereby this condensation was prevented, the 
arrangement was simplified, and manipulation made much easier. The essentials of the 
apparatus are shown in Fig. 1A. The furnace and steam-jacket formerly used were 
combined into a unit consisting almost entirely of Pyrex glass and a resistance wire. A 
double-walled cylinder, C ,  of heavy Pyrex glass, with a vacuum between the walls, 27 
centimeters long and 6.5 centimeters inside diameter was used as a chamber for the 
heater. The ends were closed with corks covered with heavy asbestos paper. The 
heating unit. H, consisted of a smaller Pyrex cylinder upon which was wound 27 feet of 
28-gage nichrome wire. When this heater was connected with the 110-volt circuit, any 
temperature from room temperature up to 425O could be secured by use of appropriate 
resistance. 

The manometer, M, described heret~fore,~ was connected to an oil pump, by which a 
vacuum of 0.2 mm. pressure could be secured. When pressures less than one atmosphere 
were to be measured, an air valve a t  0 was used to admit air to counterbalance the pres- 
sures developed by the system; and for pressures greater than an atmosphere and for 

(6) Kiehl and Wallace, Tars JOURNAL, 49,375 (1927). 



Wood's metal as a confining liquid, 0 was connected to a high-pressure hydrogen cylinder 
by means of heavy-walled rubber tubing which was wrapped tightly with tire-tape. 
The connection, R, was also wrapped pressure tubing, which permitted tilting the fur- 
nace after evacuation. Before it was wrapped the rubber tubing was thoroughly mas- 
saged several times, inside and out, with warm castor oil, to make it less permeable to 
gases. This oiled and wrapped pressure tubing retained pressures of five and one-half 
atmospheres satisfactorily. 

As a confining liquid for the gases formed by the dissociation, mercury is usually 
the best because it is the least likely to absorb or react with the gases present. In  this 
investigation it was found very satisfactory for low temperatures. Since the nature of 
the systems measured and the method and apparatus used required the confining liquid 
to be kept a t  the same temperature as the system itself, and since mercury boils at  
357", a large correction due to the vapor pressure of mercury thereupon would be re- 
quired as the temperature approached this point. Besides, as the temperature rose, the 
mercury would distil from the capillary and condense in the cooler portion of the tube. 

In looking for a confining liquid that did not have this limitation a t  higher tempera- 
tures, Wood's metal proved to be  excellent!^ suited. It has practics~ly no vapor pres- 
sure a t  the temperatures where its use was required. When a sample of the purest ma- 
terial obtainable was placed alone in the dissociation pressure apparatus no appreciable 
pressure developed a t  even the highest temperature used for measuring dissociation 
pressures. When, however, the temperature was increased to 300°, a pressure of 5 
millimeters was developed. Two limitations should be mentioned in connection with 
its use. At higher temperatures especially, a troublesome scum will form upon the sur- 
face of the metal if air is allowed to come in contact with it. Hydrogen was therefore 
used to counterbalance the pressure developed in the system. The metal should not be 
allowed to solidify in the capillary as the strain produced by the contraction of the cool- 
ing glass and by the solidification of the metal may break the small manometer. After 
the completion of the experiment the metal in the liquid state may be transferred to the 
properly constructed reservoir. 

A chromium-plated strip of brass 1.9 cm. wide by 7.6 cm. long with a millimeter 
scale engraved upon it was attached to the legs of the differential manometer within the 
heater to aid in leveling the confining liquid. 

For reading temperatures up to 350' a copper-constantan thermocouple was em- 
ployed. Above that temperature a platinum-platinum-rhodium thermocouple was 
used. The thermocouples were standardized against the melting points of samples of 
tin, lead, zinc and aluminum from the United States Bureau of Standards, the boiling 
points of water, alcohol and ether and the freezing point of water. A water and ice cold 
junction was used. The instruments and method of measurement were described here- 
t o f ~ r e . ~  

For beating the salts in vacuo, a thick-walled Pyrex tube 40 cm. in length and 5 cm. 
in diameter, with a ground-glass cap which was fitted with a stopcock, was used. The 
lower third was placed in an electric furnace and the upper part protected from the heat 
of the furnace by two tightly fitting asbestos stoppers, so that when evacuated the lower 
part could be heated to above 450" while the upper end remained a t  room temperature. 
A platinum crucible containing the salt was lowered into the tube by means of a glass 
rod bent a t  the bottom into the form of a ring. 

For the ignition, when they were required, porcelain Gooch crucibles were used in an 
electrically heated muffle-furnace. 

Method 
Dissociation Pressures.-The well-known static method for measuring 

dissociation pressures of salt hydrates was employed. The bulb, filled 
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with a sufficiently large sample of the salt (0.1 to 0.25 g.)  was sealed to the 
small manometer. When mercury was used as a confining liquid i t  was 
poured into the reservoir, and the manometer connected a t  R. The system 
was then evacuated and left overnight. The next morning the system was 
again evacuated and the mercury tilted into the capillary. Then the heat 
was turned on and the desired temperature maintained until the pressure 
became constant. All reactions attained equilibrium in a reasonable time; 
the longest time reqiiired was about sixty haurs, ir, the case of System 1 
a t  low temperatures, which was unusual. When Wood's metal was used 
the procedure was exactly the same except that the system was heated to 
75-100' before the liquid was introduced. When constant pressure had 
been reached and maintained without change for an hour or more i t  was 
recorded; the temperature was then increased and the new equilibrium 
pressure found. When the highest pressure to be measured had been 
determined, the process was reversed; that is, the temperature was reduced 
stepwise, and the pressure found for each temperature. The temperature- 
pressure curve was considered a true equilibrium curve only when the curve 
for increasing temperatures coincided with that for decreasing tempera- 
tures. The same equilibrium pressure therefore was obtained when 
approached from either lower or higher temperatures. 

The entire experiment was then repeated with a mixture of the substance 
being studied and the solid phase or phases believed to have formed during 
dissociation. When no irregular behavior from the beginning throughout 
the temperature range occurred and when the curve thus obtained was the 
same as that for the original salt alone, evidence for the identity of the solid 
phase was established and the equilibrium curve confirmed. 

Evidence for Phases Present 
Since no distinctive tests are known by which the hydrates of MgNH4- 

PO4 and of MgHP04 may be identified when in the presence of each other, 
i t  is necessary to establish the presence of all phases by reasoning from the 
results obtained. The evidence showing which substances are formed by 
the dissociation in each system is given below. 

System 1. MgNH4POrGHs0, MgNH4POa.H20, Hz0 

1. The monohydrate is formed from the hexahydrate and i t  may be 
isolated in fairly pure form if the gas evolved at  50° or less is removed as 
i t  is liberated. 

2. Red litmus in the reaction chamber does not change to blue below 
50°, nor does it change when moistened and exposed to the gas which has 
been removed from the reaction chamber. Ammonia is not given off 
below 50'. 

3. The hexahydrate forms monohydrate because the two when mixed 
give the same curve as the hexahydrate alone. 

System 2. MgNH4P04.6H20, MgNHaPOrHzO, MgHP04.3H20, HzO, NH3 



1. The monohydrate is formed from the hexahydrate and it may be 
isolated in fairly pure form if the gas evolved a t  50' or less is removed as 
fast as it is formed. 

2. MgNH4P04.H20, when heated in a closed system under the high 
vapor pressure of water furnished by the hexahydrate, first loses ammonia, 
forming MgHPOa.H20 (see System 3), but under the conditions prevailing 
here, the monohydrate is converted to the trihydrate, because the tri- 
hydrate is the salt in whose range of existence the pressure-temperature 
curve for System 2 lies. 

3. The water and ammonia, on cooling, form a solution which quickly 
turns red litmus blue, and smells strongly of ammonia. 

4. A mixture of the first and second, or first, second and third, solid 
phases gives the same curve as the first alone. 

Systcrn 3. MgNH4POn.H%0, MgNH4P04, MaP207, NHs, H20 

1. Either zinc acetate reagent or silver nitrate gives tests for pyro- 
phosphate6 whenever both ammonia and water are found in the gaseous 
phase . 

2. When MgNHkPO?.H20 is heated in an open vessel so as to drive off 
a part of the volatile matter, it always retains a larger percentage of its NHI 
than of its Hz0 as shown below: 

Temp. to which heated, "C. 340 335 350 380 
NHa retained, % 24.5 29.5 17.0 6.0 
Hz0 retained, % 17.3 24.0 12.0 2.0 

This shows that the water of hydration may be expelled while some of the 
ammonia still remains in the form of anhydrous ammonium salt. 

3. When MgNH4PO*-H20 is heated in the temperature-pressure appa- 
ratus, and the gaseous phase at equilibrium is analyzed, the ratio of water to 
ammonia is found to be about 3 : 1. Data are tabulated under "Experi- 
mental Results." These analyses show that some of the substance which 
has lost water has not lost ammonia. Each molecule of MgNH4P04eH20 
contains but one molecule of water of hydration for every molecule of 
ammonia. 

4. The system at  equilibrium always gives positive tests for pyrophos- 
phate whenever ammonia is present. 

5. Mixtures of the first and second, or first, second and third, phases 
give the same pressure-temperature curve as the first alone. 

System 4. MgHP0~7H20, MgHP0~3H20, Hz0 

1. If the vapors formed are pumped off, it  is found that there is a great 
decrease in pressure at equilibrium when the composition of the resulting 
solid is approximately MgHP04-3H20. 

2 .  Crystals appear which have the same form as those of pure Mg- 
I-IP04.3HzO. 

( 6 )  Kiehl and Coats, THIS JOURNAL, 49, 2180 (1927) 
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3. Either the heptahydrate or a mixture of the two hydrates gives the 
same curve. 

System 5. MgHPOc3Hz0, MgHPOcN20, Hz0 

1. Zinc acetate reagent does not give a test for pyrophosphate even 
when a great pressure has been developed. (This reagent, consisting of a 
thirty-two hundredths molar zinc acetate solution in the presence of one- 
eighth its volume of glacial acetic acid, has been shown by Kiehl and Coats7 

to be sufficiently sensitive to detect 0.0006 molar pyrophosphate in the 
presence of 0.1 molar orthophosphate. 

2. If the vapors formed are pumped off, it is found that there is a great 
decrease in equilibrium pressure when the composition of the resulting 
solid is approximately MgHPO*.H20. 

Determining the Ratio of Water to Ammonia.-To determine the ratio 
of water to ammonia in System 3 where both of these substances are liber- 
ated as gases, the following method was used. A receptacle resembling a 
large test-tube was sealed to the bulb containing the salt as shown in Fig. 
IB. There was a constriction in the tube which connected the bulb to 
the remainder of the apparatus to facilitate sealing off the bulb when 
equilibrium was established. In addition to the regular stopper in the top 
of the furnace, an extra asbestos stopper with a small hole just over the 
constriction in the tube was used. 

The apparatus was arranged in the usual way except that the salt bulb 
contained about a gram of salt instead of the usual 0.2 to 0.3 g. charge. 
When equilibrium was established the temperature was noted, the extra 
stopper of the furnace removed, and the large bulb quickly sealed off with a 
small, hot flame. This could be done with practically no change in tem- 
perature, and with the leveling liquid showing no change in position. 
The bulb was then inserted into a measured volume of 0.02 N sulfuric acid 
and the tip broken off. The excess acid was back-titrated with 0.02 N 
sodium hydroxide and the standard volume of the ammonia as a gas was 
calculated. The standard volume of all the gas present was also calculated 
and the water determined by difference. The method worked very satis- 
factorily up to a total pressure of one atmosphere. 

Experimental Results 
The temperature-pressure data for four runs on each system studied are 

given in the following tables. All pressures are recorded in millimeters of 
mercury a t  OO. 

In order to select from the temperature-pressure data recorded above 
those values which would as nearly as possible represent the value most 
probable for each temperature in each system, the following method was 
used. From the data for each of the four runs a curve was drawn; from 
these four curves, one pressure corresponding to the average of the four 

(7) Ref. 6, p. 419. 



voi. 55 

MgNH4PO4.6H20, MgNH4P04.Hz0, Hz0 (below 60") 
MgNH4P04.6H~0, M~NH~PO~.HZO, MgHP04.3H20, HzO, NHI (above 60") 

Run no. 1 2 3 4 
T ,  O C .  P, mm. T, O C .  P ,  mm. T ,  O C .  P, mm. T ,  "C. P,  mm. 

MgNH4P04.Hz0, MgNH4P04, Mg2Pz07, NH,, Hz0 
Run no. 1 2 3 4 
T,OC. P,mm. T , O C .  P ,mm.  T .  OC. P,  mm. T ,  OC. P,  mm. 

values, one for each curve taken a t  ten degree intervals was obtained. 
From these average values recorded in Table IV, the final curve in Fig. 2 
for the system was drawn. 
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TABLE I11 
EXPERIMENTAL DATA FOR SYSTEM 5 
MgHP04.3H20, MgHP04.H20, HzO 

Run no. 1 2 3 4 
T, OC. P, mm. T, OC. P, mm. T, "6. P, mm. T, O C .  P. mm 

33.0 10.5 51.0 26.2 44.0 17.5 27.0 10.0 
41.0 13.0 54.0 31.5 49.9 25.8 32.0 12.2 
49.0 21.1 62.0 43.5 51.0 27.1 42.0 14.7 
59.5 32.2 7 6 1  72.2 55.0 32.5 51.0 25.1 
70.0 53.5 88.0 116.6 61.4 42 0 61.5 36.0 
87.7 106.6 102.6 168.2 69.0 61.0 7 8 0  71.5 
94.6 133.5 114.3 243.6 7 6 6  80.0 87.0 109.8 

106.0 195.0 131.8 384 6 81.0 85.2 105.0 189.1 
110.8 227.7 135.0 410.7 88.0 116.6 114.0 251.0 
119.0 282.4 145.0 502.6 110.0 218.4 131.9 389.6 
130 0 372.2 150.8 604.0 111.4 240.9 135.0 413.6 
143.1 514.2 155.5 684.0 133.0 404.4 157.0 696.1 
151.2 602.2 158 5 1300.0 156.0 691.0 159.0 1470.0 
154.5 697.6 
159.0 1500.0 

TABLE IV 

AVERAGE PRESSURES FOR SYSTEMS STUDIED AT TEN DEGREE INTERVALS 

Pressure is given in millimeters of mercury at 0 
Systems 1 and 2 System 3 System 5 

T, "C.  P, mm. T, O C .  P, mm. T, OC. P, mm. 

40.0 33.4 130 11.2 30 9 .9  
50.0 69.8 140 16.2 40 14.1 
60.0 109.0 150 24.3 50 24 3 
70.0 177.5 160 36.9 60 37.3 
80.0 302.3 170 55.9 70 59.7 
90.0 450.0 180 78.5 80 85.0 

100.0 651.9 190 111.4 90 120.2 
110.0 901.5 200 149.8 100 165.4 
120.0 1242.0 210 202.5 110 221.4 
130.0 1688.0 220 276.9 120 289.6 
140.0 2266.0 230 376.1 130 371.2 
150.0 2935.0 240 530.7 140 467.2 
155.0 3521.0 250 765.9 150 591 9 
159.1 3834.0 260 1191 . O  155 669.0 

270 1874.0 
280 3129.0 

Determining the Ratio of Water to Ammonia.-The ratio of water to 
ammonia in the vapor phase a t  equilibrium for System 3 was determined 
a t  those temperatures a t  which the dissociation pressures were approxi- 
mately one atmosphere and one-half an atmosphere. The analysis of the 
mixtures at  these pressures gave the following results. 

Discussion of Errors 
1. By means of the silver scale and the hair-lined glass which is mounted 

in a steel frame and slides on a steel rod the manometer may be read to 0.2 



THE RATIO OF WATER TO AMMONIA IN THE VAPOR PHASE OF SYSTEM 3 AT EQUILIBRIUM 

AtOO and 760 mm. 
Vol. of 

Vol. of gas Vol. of gas NIL by Percentage by volume 
collected, Temp., Total collected, titration, ammonia, water 

cc. "C. pressure, mm. CC. CC. vapor 

1 52 246 726 28.24 7.82 27.71 72.29 
2 52 245 695.8 26.11 6.77 25.95 74.05 
3 52 245.3 703.6 25.62 6.65 25.97 74.03 - - 

Av. 26.54 73.46 

4 52 229 347.1 12.91 3 .45  26.71 73.29 
5 52 229 340.9 12.26 3.31 26.59 73.41 
6 50 230 340.0 12.17 3.27 26.85 73.15 - - 

.Av. 26.72 73.28 

The calculated values it1 the above table were obtained by use of the gas laws un- 
corrected. 

mm. or less. Since most of the pressures read were high, the percentage 
errors due to this were low. For the lowest readings recorded this is not 
more than two per cent., while for all readings above 20 mm. it is less than 
one per cent. 

2. The error due to leveling the confining liquid was not more than 0.1 
nun., for the two arms of the manometer, very close together, are im- 
mediately in front of a bright, metallic millimeter scale. 

3. It is impossible to remove all the absorbed air from the system. 
This is always an error in measuring dissociation pressures by the static 
method; but, while it cannot be eliminated, it is greatly reduced in this 
investigation by a more compact apparatus. The surface of the reaction 
chamber has been decreased to a minimum. The evacuation of the system 
a t  least twice at an interval of twelve hours or more before a run was begun 
aided the removal of adsorbed gases. In System 3, when the tip was 
broken from the bulb containing the gas which had been generated, all but 
about one-fourth of one per cent. immediately dissolved in the standard acid. 

4. The error due to the vapor pressure of the mercury where i t  was used 
as a confining liquid was eliminated by subtracting the vapor pressure of 
mercury from the total pressures read for the various temperatures. 

5. The errors in the measurement of temperature are very small. 
The electromotive force measurements may be made with a high degree of 
precision. By means of a curve constructed for this particular thermo- 
couple from the melting points of Bureau of Standards samples of metals, 
the electromotive force measurements may be very accurately converted to 
temperatures. The greatest errors in temperature measurements will not 
exceed 0.1". 

6. The error due to the small changes in the temperature .of the furnace 
is more important, The furnace temperature can be maintained within 
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0.5', which corresponds to a maximum error of about 7% in the case of 
MgNH4P04+6H20 at the lower temperatures where lo is the equivalent of 

0 50 100 150 200 250 300 
Temperature, O C .  

Fig. 2.--The dissociation pressure curves from data in Table IV. 
Curve 1. MgNH4P04,6H20, MgNH4P04.Hz0, Hz0 (below 60 ") 

System 1 ; MgNH4P04 6H20, MgNH4P04.Hz0, MgHP04.3Hz0, 
HaO, NHa (above 60°), System 2. 

Curve 2. MgNH4PO4 H20, MgNHaPOn, MgzPaOr, NHs, HzO. 
Curve 3. MgHP04 3Hz0, MgHPOa HzO, HzO; and the aqueous 

tension curve for the system. 
Curve 4. Liquid water, water vapor. 

about 7 mrn. and the total pressure is about 50 mm. For the exceptionally 
high dissociation pressures, as of MgNH4PO4.6H20 at 150°, a 0.5' error 
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will cause a pressure error of 50 mm., which, however, in a total pressure of 
3400 mm., is only one and one-half per cent. 

Discussion of Results 

The dissociation pressures obtained in this report show that magnesium 
ammonium phosphate hexahydrate will lose five molecules of water a t  a 
very low temperature when heated. Below sixty degrees no ammonia is 
noticeable in the gaseous phase. The system is univariant and may be 
expressed by two components. Above sixty degrees, moreover, the am- 
monium salt has reached an appreciable dissociation which produces 
another phase while the system still has one degree of freedom. There are 
consequently two effects, the dissociation of the hexahydrate and the 
dissociation of the ammonium salt, one superimposed gradually upon the 
other. Three components are necessary, therefore, to express the system. 
Data in Table I and Curve 1 in Fig. 2 are the combined results of the sys- 
tems studied as 1 and 2, both of which are feasibly reversible over the 
temperature interval investigated. The dissociation pressure of the sub- 
stance is but slightly below the aqueous tension of water within this tem- 
perature range, and it is equal to one atmosphere at  105'. This explains 
the formation of the monohydrate when magnesium ammonium phosphate 
is precipitated from boiling solution. The hexahydrate is stable a t  lower 
temperatures only. The fact that the dissociation pressure of the hexa- 
hydrate reaches a value of 3834 millimeters or over five atmospheres a t  
159.1' indicates its unstable character. 

The dissociation pressures also show that the monohydrate will lose both 
its water of hydration and its ammonia in an open vessel when it is heated 
even considerably below 250°, where it reaches the total pressure of one 
atmosphere. The vapor phase at  this temperature consists of approxi- 
mately three-fourths water vapor and one-fourth ammonia by volume, 
and equilibrium is quickly established under the prevailing conditions. 

In the study of System 3 it was found that in the heating of MgNH4- 
P04.Hz0, magnesium pyrophosphate was formed whenever both water and 
ammonia were liberated as gases. This indicates that the water vapor 
pressure due to the loss of water of constitution by magnesium acid phos- 
phate exceeds that due to the loss of water of hydration by magnesium 
ammonium phosphate monohydrate when both water and ammonia appear 
in the gaseous phase. Therefore, if MgHP04 ever should be formed it 
would dissociate into water and Mg,P,O,. Thus another dissociation 
is gradually superimposed upon both the dissociation of the hydrate and 
the dissociation of the ammonium salt. 

An epitome of the foregoing facts may be given by the following well- 
known equation, 2MgNH4P04.6H20 + MgzP20i + 13H20 + 2NH3, 
which summarizes what takes place when the substance is heated to a 
temperature which need not exceed 250°, in an open vessel where the gases 



formed escape as liberated. The equilibrium was found to be attained 
rapidly near 250'. The speed of the reaction therefore when required to 
proceed in one direction would be sufficiently great to ensure complete 
expulsion of the volatile substances in a reasonable time. 

In System 2 the reaction is quickly and completely reversible up to 
about 157O, consisting simply of the two hydrates in equilibrium with 
water vapor. Above 157' the pressure increases in a very rapid and ir- 
regular way aiid the reaction is not feasibly reversible. Pure MgHP04-- 
3H20 which has been heated in the reaction vessel to 158' or more gives a 
positive test for pyrophosphate with zinc acetate reagent,5 while that kept 
below this temperature shows no trace of it. 

In System 3 the reaction is completely reversible, although extremely 
slow. Pyrophosphate appears at  a very low temperature, a t  200° or less. 
Here, however, the pyrophosphate seems to convert back to orthophos- 
phate much more readily than in a similar situation in System 5,  whose 
reversibility was found non-feasible when temperatures were reached 
where pyrophosphate was formed. 

The dissociation of System 4, MgHP04.7Hz0, is especially interesting. 
When freshly prepared, the crystals were exceptionally large and perfectly 
formed. However, in a day or two, droplets of water appeared on the 
walls of the glass-stoppered bottle in which the salt was stored. As the 
long crystals disappeared, the trihydrate, the stable phase, was formed. 

It was found, moreover, that the pure heptahydrate, when once inocu- 
lated with the trihydrate and evacuated in the pressure-temperature appa- 
ratus, formed liquid water in five minutes or less at any temperature from 
room temperature to at  least 100'. The crystals, still in the water from 
which they were precipitated, left standing on the shelf, also changed 
completely into the trihydrate a t  the same temperature a t  which pre- 
cipitation took place (about 22') in about one week. This change, further- 
more, was greatly promoted by light. When the pure heptahydrate 
decomposed, moisture condensed on that side only of the bottle which was 
turned toward the light. A sample of it, on the other hand, in a glass- 
stoppered bottle wrapped in a black cloth required a much longer time to 
change completely into the lower hydrate than an identical unprotected 
sample standing beside it. I t  may be concluded, therefore, that mag- 
nesium acid phosphate heptahydrate, at  room temperature, has a dissocia- 
tion pressure as great as or greater than the aqueous tension of liquid water. 

Summary 
I. A modified apparatus is described for measuring the dissociation 

pressures of substances that give both water and another condensable 
gaseous substance. 

2. A method is given for measuring and for resolving into partial 
pressures the dissociation pressures of salt hydrates, where both water and 



another gaseous substance are produced, and where the total measured 
pressure may be high. 

3. The dissociation pressures for the systems 
M ~ N H ~ P O ~ ~ H Z O ,  MgNH4PO4,HzO. Hz0 (below 60 ") 
MgNH4P04.6Ht0, MgNH4POcH20, MgHP04.3H20, HzO, NH3 (above 60 O) 

MgNH4PO4 HzO, MgNHpPOa, MgtPzO,, NH3, Hz0 
MgHPO4.3HaO. M~HPOI.HZO, Hz0 

have been determined. 
4. The use of Wood's metal as a confining liquid is described. 
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Lead-Mercurous Acetate Voltaic Cell with Acetic Acid as the 
Solvent1 

The reproducibility that has been attained in the preparation of voltaic 
cells with non-aqueous electrolytes is in general less than that of cells with 
aqueous electrolytes. Among those who have attained a reproducibility 
of within a few tenths of a millivolt are B r ~ d s k y , ~  Afana~iew,~ Isaacs and 
Par t ing~on,~ and Harned and F le~sher ,~  all with alcoholic electrolytes, and 
Yo~h ida ,~  who set up cadmium-mercurous iodide cells with water, methanol, 
ethanol, propanol and acetone as solvents. The electromotive forces in 
most other investigdtions with non-aqueous electrolytes have been reported 
only to the nearest millivolt. 

It seemed worth while to test the reproducibility of cells with acetic acid 
as the electrolyte solvent. Hutchison and Chandlee7 have prepared a 
series of hydrogen-mercurous sulfate cells with acetic acid as the solvent, 
but the difficulty of either excltding water entirely or keeping its con- 
centration very constant was involved. The cell chosen for this work was 
a lead-mercurous acetate cell, which when pure acetic acid is the solvent 
can be represented as follows 

Pb(Hg) I Pb(CzHsOz)z.0.5HCzHsOa I Pb(GHsOz)z~0.5HCzH30z, Hgz(CzH30z)z I Hg 

Materials and Apparatus.--The purification of the acetic acid and of the 
lead acetate are described in an earlier paper.8 Mercurous acetate was 

(1) Part of a thesis submitted by Grady Tarbutton in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy in the Graduate School of Arts and Sciences of Duke University, 1932. 

(2) Brodsky, Z. Ohysik. Chem.. 121, 9 (1926). 
(3) Afanasiew, Z. EEektrochem., 86, 221 (1929). 
(4) Isaacs and Partington, Trans. Paraday Soc., 25, 56 (1929). 
(5) Harned and Fleysher, THrS JOURNAL, 47, 82 (1925) 
(6) Yoshida, Chem. Abs., 22, 1893 (1928). 
(7) Hutchison and Chandlee, Tars JOURNAL, 53, 2884 (1931) 
(8) Tnrbutton and Vosburgh, Oid. ,  54, 4537 (1932) 



prepared by precipitation and lead amalgam electrolytically, both from 
purified materials. 

An oil-bath was used for temperature control. At 25' fluctuations in 
temperature were not more than .tO.OlO, but at other temperatures about 
* 0.02'. Temperatures were measured to within * 0.02". 

Electromotive force measurements were made as described by Vosburgh 
and elm or^.^ 

The cell vessels used were of the "X" form ~f &he sizes given below. For 
the earlier cells vessel 1 was used. Later, on account of low conductance, 
vessel 2 was used. 

Cross arm to Diameter of 
Length, Width, base, tube, 

No. cm. cm. cm. cm. 

1 17 4.7 9 1 .1  
2 14.8 5 .5  4 1.8 

Preparation of the Cells.-A lead acetate solution was prepared by 
adding an excess of lead acetate to acetic acid or a mixture of acetic acid 
and water. The solution was saturated either by mechanical shaking or 
by heating until the solid was dissolved and then seeding with the proper 
crystal form.1° The latter procedure is preferable. By the former the 
wrong crystal form was introduced into some of the cells, which made 
considerable delay in the attainment of equilibrium. The solution so 
prepared is designated below as solution 1. A sample of solution 1 satu- 
rated at a definite temperature, usually 30°, was analyzed by the methods 
previously described. Previous to introducing into the cells, dissolved air 
was removed from solution I. 

A portion of solution 1 was saturated with mercurous acetate, giving 
solution 2. 

The empty cell vessel, which had been properly cleaned, was placed in a 
beaker of water at  about 75". Lead amalgam, heated to dissolve the solid 
phase, was placed in one leg of the vessel, covered with a little of solution 1 
and allowed to cool slowly to room temperature along with the water in the 
beaker. It was shown that rapid cooling gave an amalgam of higher lead 
activity than slow cooling, and that the difference might amount to over 
0.1 mv. By slow cooling, amalgam reproducible to less than 0.01 mv. 
could be obtained. 

The amalgam when cool was washed three times with solution 1. Then a 
portion of the excess solid lead acetate in equilibrium with solution 1 was 
placed above the amalgam to form a thick layer. This was covered with 
solution 1. 

Mercury was then placed in the other leg of the vessel and washed three 
times with solution 2. 

(9) Vosburgh and Elmore, THIS JOURNAL, 63, 2822 (1931). 
(10) See Ref. 8, p. 4539. 



Some mercurous acetate was filtered by suction from the solution under 
which i t  was kept and washed with solution 2. It was transferred to an 
agate mortar and mixed well with about a fourth of its volume of lead 
acetate crystals (some of the excess solid from solution 1) and some solution 
2. The paste was then washed three times by decantation with solution 2. 
A layer of this paste about one centimeter thick was placed above the 
mercury in the cell vessel. 

A thick layer of lead acetate crystals (some of the excess solid from 
solution 1) was placed above the mercurous acetate paste and enough 
solution 1 added to fill the vessel to a point above the cross-arm. The 
upper part of the vessel was flushed out with nitrogen and stoppered with 
paraffined corks. On top of the corks was poured molten sealing wax or 
ceresin wax. All cells were made in duplicate. 

Electromotive Force Measurements.-It has been shown that three 
different solid phases can exist in equilibrium with saturated solutions of lead 
acetate in acetic acid-water mixtures. The cells can be divided into three 
groups, each group containing a particular solid phase. The electromotive 
forces over a period of several months are given in Tables I, I1 and 111. 

Electromotive force at 25' - 
HCpHaOn/HzOQ 7 Days 1 Month 6 12-14 15-18 

Cells rat10 by wt. v. v. V. V. v. 

12, 13, 16 0.1969 0.74715 . . . .  0.74729 0.74708 0.74709 
17, 18 0.4757 . . . . 0.74480 .74463 .74462 ,74462 
19,20 1.144 .73938 .73945 ,73921 .73924 . . . . 
21,22 1.552 .73491 .73497 .73444 . . . . . . . . 

" The samples analyzed were saturated with lead acetate at 30'. At 25" the ratio 
would be somewhat larger. 

Many of the cells decreased 0.2 to 0.5 mv. between the first and sixth 
months, but were nearly constant after the sixth month. That the de- 
crease is not continuous is an indication that i t  is the result of faults of 
technique. A continuous change might be the result of reaction of the 
acetic acid with the lead of the amalgam or diffusion of the appreciably 
soluble mercurous acetate to the amalgam and its reaction with the lead. 
No evolution of hydrogen at  the amalgam was observed. The conductance 
was sufficient for measuring the electromotive forces to 0.01 mv. The 
average difference between duplicate cells was 0.07 mv. 

Cells 23-26 of Table I1 decreased appreciably in electromotive force over 
a period of a year. They may have contained some of the wrong solid 
phase a t  the beginning. Cells 38-39 increased. The others changed only 
a little. Improvements in technique, especially the method of preparing 
the solutions, were probably responsible for the better results in cells 4447. 
The average difference between duplicates omitting cells 25-26 was 0.04 wv. 
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TABLE I1 
CELLS WITH PB(GH~O~)~ .O.~H~O AS THE SOLID PHASE 

Electromotive force a t  25O 
HCnHsO%/HzO 7 Days 1 Month 4-6 10-12 

Cells ratio by wt. v. v. v. v. 

38, 39 3,886" 0.72846' 0.72851" 0.72877 0.72883 
23, 24 4.715" .72807 .72802 .72792 .72767 
25,26 4.932" .72940 .7289 7 .72852 .72832 
34 5.617O .72772" .727MG ,72760 .72763 
46, 47 6.746' .72632 .72632 .72623 .... 
44,45 7, 730' .72609 -7261 .72614 .... 

" The samples analyzed were saturated at  30 O. The samples analyzed were satu- 
rated a t  25 ". Calculated from measuremellts at  30 O. 

The solubility of lead acetate was large in the range of the cells of Table 
11. The solutions were quite viscous, and the conductance was such in 
some cases that it was difficult to read the electromotive force to better than 
0.1 mv. The use of the larger cell vessels helped in this respect. 

I t  can be seen that the electromotive force changes quite appreciably 
with change in the ratio of acetic acid to water in the electrolyte. This 
shows that the solid phase is a solvated compound, in agreement with the 
analytical data presented in the earlier paper. 

,- Electromotive force a t  25' 
HCgHsOn/H20 7 Days 1 Month 3 6 

Cells ratlo by wt., 25O v. v. v. v. 

42 10 0.7268 0.7270 0.7272 0.7272 
43 10 .7271 .7270 .7272 .7272 
40 26 .7216" .7279 .7279 .7279 
41 26 .7216" .7279 .7279 .7279 
48 9ob .72902 .72903 .72900 ... 
49 9ob .72908 .72903 .72902 ... 
54 C . . . 72895d . 72864d .72908 . . . 
55 C . . . 72895d . ~ 2 8 6 6 ~  .72908 . . . 

These cells had fine needle-like crystals when prepared. After a week the cells 
were opened and seeded with the stable solvated crystals. The solid phase began to 
change over immediately, and the electromotive force became constant within a few 
hours. '   he solution was nearly anhydrous; the ratio is subject to considerable error 
of method. The solution was made to duplicate that of cells 48-49, but was not ana- 
lyzed. Calculated from measurements at  30 O. 

With regard to constancy and reproducibility the cells of Table I11 
were the most satisfactory yet considered. Cells 42-43 were not as good 
as the others a t  first, but became constant later. Cells 40-43 had so much 
solid phase in them that the resistance was high and the electromotive force 
could not be measured to better than =t.0.05 mv. Cells 4849 and 54-55 
had not as much solid phase and could be measured more precisely. 

The change in electromotive force with composition again shows that  
the solid phase is solvated. As the water content decreases, the solubility 



of lead acetate decreases rapidly, and the mole fraction of acetic acid 
increases. The increase in electromotive force with increase in mole frac- 
tion of acetic acid would be expected if the solid phase is an acetic acid 
solvate, because in this case acetic acid is one of the reactants in the cell 
reaction. The cell data again confirm the solubility results previously 
reported. 

The electromotive force of cells 4 0 4 1  after seven days is of interest. 
These cells contained a solid phase obtained by spontaneous crystallization 
from a supersaturated solution. I t  consisted of fine needle-like crystals. 
The electromotive force after seven days is nearly in agreement with that 
of an earlier pair of cells, which was 0.72166 and 0.72173 v., respectively. 
These latter cells were made with an electrolyte containing quite a bit of 
water and with dehydrated lead acetate as the solid phase. The constant 
electromotive force with the different composition in the two pairs indicates 
that both had the unsolvated salt as the solid phase. 

The unsolvated lead acetate of cells 40-41 changed over to the solvated 
form on being seeded, and the electromotive force increased. The electro- 
motive force of the earlier cells increased slowly without seeding. 

While the electromotive force is dependent on the composition of the 
solution in all the cells having stable solid phases, it should be noted that 
a t  the transition points the composition is fixed when both solid phases are 
present. Eight cells were made with the two hydrated solid phases in 
equilibrium with the saturated solution. The solutions did not have the 
composition of the transition point when first prepared but approached it 
gradually after the cells were set up. The cells were not constant at first 
and did not agree until constancy was attained. 

TABLE IV 
CELLS WITH BOTH P B ( C ~ H S O Z ) Z . ~ H ~ O  AND P B ( G H ~ O ~ ) ~ . O . ~ H ~ O  AS SOLID PHASES, 25O 

Initial 7 Days 1 Month 6 12 
Cells V. v. v. v. v. 

27 0.72994 0.72974 0.73002 0.73033 0.73031 
28 .72994 .72922 .72956 .73018 .73032 
36 .7292ga .72992" .73O1la . . . . . . . .  
37 .72937" .73O0la .73O1Qa .73018 .73017 
50 .73098 ,73055 .73015 .... . . . . 
51 .73068 .73047 .73017 .... .. . . 
52 .73O8ga .73O7Sa .73072" .73044' .... 
53 .73G90a .73078" .73073" .73044~ .... 

a Calculated from measurement at 30'. Three months. 

It can be considered that the reaction for the cells of Table IV does not 
involve the electrolyte. The anhydrous lead acetate produced by reaction 
of lead with mercurous acetate must become hydrated at the expense of the 
trihydrate present, since the composition of the solution cannot change. 
The reaction, therefore, is 



The change of electromotive force with temperature was therefore deter- 
mined in order to calculate the heat of reaction. 

, El - E26 - 
f = 16O 20' 30° 35O 40° 45O 50° 

Cells mv. mv. mv. mv. mv. mv. mv. 

27-28 -1.02 -0.59 0.20 0.50 0.77 0.97 0.76 
36-37 -0.63 - .18 .20 .53 .70 0.82 .91 
Calcd. - .45 - .25 .25 .50 .75 1.00 . . 

The variation with temperature is linear within the limits of error and 
follows the relationship 

Et = E I ~  + 0.000050 ( t  - 25) 

as shown in the table. 
For the cell Pb!Solid)/Pb++/Pb(Hg) Gerke" found the value E - 

0.0057 f 0.000016 jt - 25). Combining the two cells gives the electro- 
motive force of the lead-mercurous acetate cell with a solid lead electrode, 
of which the electromotive force is E = 0.7359 + 0.000066 ( t  - 25). 
Application of the Gibbs-Helmholtz equation gives AH = - 165.26 kg. cal. 
with an uncertainty of not more than 0.2 kg. cal. If this is substituted in 
Equation 1 along with the values for the heats of formation of lead acetate 
trihydrate and mercurous acetate, namely, 446.12 and 203.34 kg. cal., 
respectively,lVhe heat of formation of Pb(CzH302)2-0.5Hz0 is found to be 
271.35 kg. cal. The precision of this value depends mainly on that of the 
heats of formation of lead acetate trihydrate and mercurous acetate. 

The temperature coefficients of the other cells were determined also. 
The cells with the higher water concentrations had negative temperature 
coefficients. The temperature coefficient approached zero as the ratio of 
acetic acid to water increased, and was positive for the cells with the higher 
ratios. I t  is interesting to note that a cell with the trihydrate as the solid 
phase and a ratio of acetic acid to water a little larger than that of cells 21- 
22 should have a zero temperature coefficient. 

In connection with the temperature coefficient measurements, during 
which the cells were heated to 52', no tendency of any of the solid phases to 
change to a more stable form was noted. 

Summary 

Lead--mercurous acetate voltaic cells have been set up with solvents 
covering a wide range of acetic acid-water mixtures and including nearly 
anhydrous acetic acid, and with three different solid phases. 

(11) Gerke, THIS JOURNAL, 44, 1684 (1922). 
(12) "International Critical Tables," Val. V, pp. 184, 187 



Duplicate cells with nearly pure acetic acid as the solvent could be re- 
produced to within 0.1 mv. and were constant in electromotive force for 
several months a t  least. 

A cell containing two solid phases in equilibrium with the saturated 
solution was prepared. 

The heat of formation of the compound Pb(CzH302)2.0.5Hz0 was de- 
termined. 

DURHAM. NORTH CAROLINA 

The Viscosity of Aqueous Solutions as a Function of the 
Concentration 

It has long been known that the viscosity of aqueous solutions is ap- 
proximately a -linear function of the concentration. In 1876 Sprung1 

published measurements on many salts a t  many temperatures. His 
viscosity-concentration curves are approximately linear but have an up- 
ward trend at  higher concentrations which indicates an increasing devia- 
tion from a linear limiting law. Arrhenius2 also found that the linear 
relationship holds approximately over the lower part of the concentration 
range but that theviscosity increases more rapidly than the concentra- 
tion a t  high concentrations. He proposed an equation which is reducible 
to the form q = A', q is the relative viscosity compared to that of water 
a t  the same temperature and A is an empirical constant for any salt and 
temperature. This equation has been much used by later experimenters 
although it is only a rough approximation. 

Most salts give solutions with viscosity greater than that of water a t  
all concentrations. Some salts (including most but not all of the iodides, 
bromides, chlorides, bromates, chlorates, nitrates and thiocyanides, of 
cesium, rubidium, potassium, ammonium, thallium and hydrogen) give 
solutions having a viscosity less than that of water.3 In such cases it is 
usual for the viscosity-concentration curve to go through a minimum and 
for some salts at  sufficiently high concentrations the viscosity may become 
greater than that of water. This type of curve cannot be reproduced by 
the Arrhenius equation. 

(1) A. Sprung, Pogg. Ann Phys Chem., 159, 1 (1876) 
(2) S. Arrhenius, Z. physik. Chem , 1, 285 (1887). 
(3) A. I. Rabinovich, THIS JOURNAL, 44. 954 (1922). di~cusses the hypotheses which have been 

suggested to  account for this phenomenon An interesting suggestion has recently been made by 
Z. W. Wolkowa and W. S. Titow [ Z .  physik. Chem , A155, 53 (193111, who say "We may therefore 
suspect (vermuten) that an aqueous solution can only have a greater fluidity than water if the heat 
of dilution is negative." 
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Einstein4 in 1906 deduced from the principles of hydrodynamics that 
if the solute could be regarded as made up of spherical incompressible un- 
charged particles which are large in comparison with the molecules of the 
water the viscosity of the solution would be rl =. L + 2.5 0, where 0 is 
the total volume of the solute particles per unit volume of solution. This 
equation obviously connotes a linear relationship between viscosity and 
concentration. 

Finkeisiein%xterrded Einstein's treatment to s d u t i o ~ s  of binary elec- 
trolytes in polar solvents. He investigated mathematically the effect on 
the viscosity of the relaxation time of the solvent dipoles and concluded 
that the electric influence of the ions on the polar solvent will increase 
the viscosity proportionally to the concentration. Neither Einstein nor 
Finkelstein account for the fact that some solutes diminish the viscosity of 
water. 

Griinei~en,~ who improved the experimental technique and extended his 
measurements to greater dilution than his predecessors, found that for 
sucrose the linear relationship is valid; but that for salts, deviations from 
the linear law became more pronounced at  low concentrations instead of 
disappearing. Griineisen made the deviation from linearity evident by 
plotting (rl - l)/c against c (or some root of c for the sake of spreading 
out the points a t  the lower concentrations). This method of plotting 
would give a horizontal straight line if the linear relationship held. His 
curves, however, show a pronounced negative slope a t  low concentrations, 
pass through a minimum a t  about 0.2 normal and then have a slight positive 
slope and positive curvature a t  higher concentrations. We shall call the 
departure of the viscosity-concentration curves from linearity a t  high 
dilutions the Griineisen effect. However, Griineisen's attempts to give a 
theoretical explanation of the failure of the linear law at  high dilutions, 
on the basis of Arrhenius' theory of electrolytic dissociation, and to derive 
an equation expressing the viscosity as a function of the concentration were 
unsuccessful. 

Later workers, especially Schneider, Applebey and Merton,' found the 
Griineisen effect with other salts, but they did not give a satisfactory 
interpretation or derive a valid equation for the variation of the viscosity 
with the concentration. 

Measurements of the viscosity of solutions of barium chloride were under- 
taken in this Laboratory by the senior author and Malcolm Dole8 on ac- 
count of their interest in these data in connection with the phenomena 

(4) A. Einstein, Ann. Physik,  [41 19, 289 (1906): [4] 34, 591 (1911). 
(5) B. N Finkelstein, Physik. Z., 31, 130, 165 (1930). 
(6) E. Gruneisen, W i s s .  Abhandl. ghysih. tech Rezchsanstalt, 4,151, 237 (1905). 
(7) K. Schneider, "Dissertation," Rostock, 1910, M P Applebey, J. Chem Soc., 97, 2000 (1910), 

T. R Merton, ibid., 97, 2454 (1910). 
(8) Grinnell Jones and Malcolm Dole, TIIIS JOURNAL, 51, 2950 (1929). T his paper contains a 

more detailed discussion of the Gruneisen effect 



of electrolytic conductance and for this purpose were carried to a high 
dilution (0.005 molal). These measurements showed that the Griineisen 
effect is magnified a t  great dilution. Analysis showed that in this case 
the fluidity-concentration curve has a simpler form than the viscosity- 
concentration curve. I t  was pointed out that, although the principal effect 
of the dissolved salts on viscosity is proportional to the concentration, the 
curvature (discovered by Griineisen) in the dilute end of the viscosity- 
concentration (or fluidity-concentration) curves proves that there is an- 
other effect of the dissolved salt which is of relatively greater importance 
in dilute solutions. The Griineisen effect always tends to increase the viscos- 
ity regardless of whether the sum of all of the effects of the salts is to in- 
crease or decrease the viscosity. 

It then occurred to Jones and Dole that the Debye-Hiickel theory oi 
interionic attraclion might be extended by applying it to this problem. 
The electric forces between the ions tend to establish and maintain a 
preferred arrangement of the ions and resist any distortion of the pre- 
ferred arrangement and thus stiffen the solution or increase its viscosity. 
Although they did not succeed in deriving an equation for the viscosity 
as a function of the concentration which makes adequate allowance for 
the Griineisen effect by rigid deduction from fundamental postulates of 
the Debye-Hiickel theory, they inferred that the effect would be propor- 
tional to the square root of the concentration. This idea together with 
the knowledge that, for salts which increase the viscosity of water, the 
fluidity is approximately a linear function of the concentration suggested 
an equation of the form ca = 1 + A& + Bc; where 9 is the fluidity 
(i. e., the reciprocal of the relative viscosity) and A would be expected to be 
negative for all electrolytes but zero for non-electrolytes. The value of B 
may be either positive or negative in different cases. The equation (p = 1 
-0.02013 42-0.20087 c, was found to fit their data for barium chloride 
over the whole range from 0.005 to 1 molal. It was furthermore found 
that the equation is consistent with the best data on other salts avail- 
able in the literature, although the scarcity of precise measurements a t  
low concentrations hindered a rigid test of the general validity of the 
equation. 

The manuscript of the paper by Jones and Dole was then taken to Debye 
by Dole during the summer of 1929. Debye suggested that the problem 
could be attacked by modifying the fundamental differential equation of 
Onsager to allow for the viscous flow. With the inspiration of Debye's 
interest and suggestions, Falkenhagen and Dole

g 
then attacked the problem 

deductively and found a partial solution. In order to simplify the prob- 
lem it was a t  first assumed that only a binary salt is present and that the 
anion and the cation have the same mobility. The result was an equation, 

(9) H Falkenhagerl and M Dole, Z Physzk. Chem., [Bl 6, 159 (1929); Physik.  Z., 30, 611 (1929) 
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q = 1 + A d z ,  which was, however, regarded only as a limiting law for 
extreme dilution. It is obvious that A in this equation is the same as  the 
A in the Jones and Dole fluidity equation with a reversed sign. Later 
the mathematical difficulties of a more general treatment were overcome 
by Falkenhagen,Io who derived an equation of the same form, but with a 
more explicit evaluation of the coefficient A,  applicable to any salt with 
ions of any valence and any mobility. 

The deductive treatment of Falkerihsgen is a substaritial advance over 
the inductive treatment of Jones and Dole in that the coeEcient A is given 
as a complicated but explicit function of the mobilities and valences of the 
ions, the temperature, and the universal constants which commonly appear 
in the equations derived from the Debye-Hiickel theory. Falkenhagen 
and Vernon have computed the value of A for a number of salts. How- 
ever, the deductive reasoning of Falkenhagen did not give the linear term, 
which is numerically greater than the square root term except a t  extreme 
dilutions. 011 the other hand, the inductive reasoning of Jones and Dole 
has given a new law for the relationship of viscosity to concentration which 
appears to be valid over a substantial range of concentration. 

The original paper of Jones and Dole contains the following statement: 
"It may be predicted from our equation that at very low concentrations 
the viscosity of solutions of all strong electrolytes will be greater than 
that of water, including salts which at moderate concentrations show 
diminished viscosity. So far as we are aware, the only published measure- 
ment which shows that even those salts which cause diminished viscosity 
at moderate concentrations will give an increase in viscosity a t  extreme 
dilutions is by Schneider, who reports a relative viscosity of 1.0008 for 
0.05 N potassium chlorate, and a viscosity of less than 1 for solutions of 
0.1 to 0.5 N potassium chlorate. We expect to test this prediction experi- 
mentally in the near future." 

Schneider makes no comment on the significance of his recorded observa- 
tion that 0.05 N potassium chlorate has a viscosity greater than 1 whereas 
stronger solutions have a viscosity less than that of water. 

Since the publication of the prediction by Jones and Dole quoted above, 
Joy and Wolfendenll have tested this prediction by means of new data on 
potassium chloride, rubidium nitrate, potassium chlorate, and nitric acid 
at  both 18 and 35O. They have confirmed the prediction for the three 
salts a t  1 8 O  and for rubidium nitrate at  35', but have found that nitric 
acid increases the viscosity at all concentrations a t  both of these tem- 
peratures, and potassium chloride and chlorate behave likewise a t  35O. 
Incidentally they found that Schneider's figure of 1.0008 for the viscosity 

(10) H. Falkenhagen, Physik. Z. ,  32,365, 745 (1931); H. Falkenhagen and E .  L Vernon, ibid , 33, 
140 (1932); Phil. Mag., [7] 14, 537 (1932) 

(11) W. E. Joy  and J .  H .  Wolfenden, Nature, 126, 994 (1930); Proc. Roy. SOC., 8134. 413 (1931); 
H. G. Smith, J H .  Wolfenden and Hartley, J Chem Soc., 403 (1931); G. R. Hood, J .  Rheology. S, 326 
(1932). 



of 0.05 N potassium chlorate at 18' is an experimental error. Their 
measurements show that a t  this concentration and temperature the 
viscosity is really less than that of water and that a viscosity greater than 
that of water is only found at concentrations less than 0.008 N. 

The primary object of the present investigation was to test the validity 
of the prediction of Jones and Dole that all salts will give solutions which 
have a viscosity greater than that of water if measured at  sufficiently 
great dilution, even including those salts whose solutions exhibit diminished 
viscosity a t  moderate concentrations. Secondary objects were to collect 
additional data to test the general validity of the Jones and Dole equation, 
to compare the values of A found experimentally with the value computed 
by the formula of Falkenhagen and Vernon, and to test more rigorously the 
conclusion drawn from existing data that the square root term is absent for 
non-electrolytes. 

In order to accomplish our primary object i t  was evidently necessary to 
measure the relative viscosity of extremely dilute solutions with high 
precision. The analysis of the meager existing data on salts which give 
solutions having a viscosity less than that of water indicated that the 
maximum in the viscosity-concentration curves would probably be less 
than 0.1% greater than that of water. Therefore data reliable to 0.01% 
or better are needed. 

The earlier measurements on viscosity in this Laboratory had been 
carried out by observing the movement of a meniscus past a mark on the 
viscometer and tapping a key with the hand to record the instant of transit 
on the moving tape of a chronograph. Our experience with this method 
made it  clear that the greatest source of error was that due to an inexact 
coordination of the eye and hand. We therefore undertook to eliminate 
this psychological error entirely by substituting a photoelectric cell and 
its amplifier and other accessories for the human eye, brain, nerves and 
hand, in the hope that a more precise record of the time of transit of the 
meniscus in the viscometer could be obtained. 

Experimental 
A new viscometer of quartz of the Ostwald type was made for this investigation a t  

the Lynn Works of the General Electric Company. The workmanship is extraordinarily 
good and our exacting specifications were met with astonishing precision. I t  is shown 
in Fig. 1. 

In  order to avoid any surface irregularities which might cause irregular drainage the 
tube from which the bulb, B, was made was grpund and polished internally before being 
drawn down and sealed to the tubes CI and Cz. Care was taken that the end portions of 
the bulb connecting the side walls of the bulb and the constriction should have suffi- 
ciently steep slopes a t  all points to give good drainage over the entire surface. 

The time of flow was determined by timing the transit of the meniscus past fixed 
points in the upper and lower constrictions CI and Cz. The diameter of these tubes is an 
important detail. By making them narrow the rate of motion of the meniscus is in- 
creased and therefore the event to be timed is made more definite. On the other hand, 



if the tube (31 is made too narrow the liquid draining from the upper wall after the 
passage of the meniscus will bridge across the tube and will obstruct the entrance of air 
into the bulb. Of course this obstruction will soon be broken by the suction of the re- 
ceding liquid, but the drop of liquid will immediately be drawn back into the capillary 
tube by its surface tension. This process repeats itself indefinitely. The result is an 
extra irregular back pressure which gives erratic and erroneous results. The tube C1 
must, therefore, be wide enough to remain free of drops after the meniscus has passed. 
After some preliminary trials with tubes of various diameters we specified a diameter of 
1 0 mm. for this tube with satisfactory results. The lower tube Ce should be of the same 
diameter so that the two transits which are to be timed shall be as nearly identical as 
possible. The tubes CI and Cz were therefore made from the same piece of tubing. 
The ground joints connecting the upper Pyrex cross piece with the viscometer were 
placed on the outside of the viscometer because this construction minimizes the danger 
that ground glass or grease will get into the viscometer. The more important dimensions 
are the average hydrostatic head, 22.8 cm.; the volume of the upper bulb, 10.063 ml.; 
the length of the capillary, 18.5 cm.; the diameter of the capillary, 0.0476 cm. The 
period with water a t  25" is approximately 618 seconds. 

Fig. 1.-Viscometer and optical system. 

The viscometer was mounted permanently in a stout brass frame and was always 
handled in its frame. I t  is important that after the instrument is removed from the 
thermostat for cleaning and refilling it shall always be put back in a definite reproducible 
position so that the hydrostatic head shall be constant. The frame was therefore held 
a t  only three points against a strong well-braced support which was designed to give 
mechanical stability with minimum of interference with the circulation of the water of 
the thermostat. 

Since the viscosity of water changes about 2% per degree, the thermostat used 
must be of high quality. Our thermostat apparently maintained its temperature within 
0.001 " but the means used to obtain this constancy need not be described in detail since 
they are not novel. Our thermostat was set at  25.00' for all of the measurements re- 
corded in this paper. Since the temperature coefficient of a dilute solution will not vary 



greatly from that of water the absolute value of the temperature does not have to be 
known with great precision. 

The most novel feature of our viscometric procedure was the development and use of 
automatic timing of the transit of the meniscus by means of a photoelectric cell. The 
method of timing finally adopted was based on the total internal rdection of a beam of 
light a t  the quartzair interface which is formed in the constriction at  the instant of the 
transit of the meniscus. This method requires a beam of light which is as narrow as 
possible vertically but broad enough horizontally to cover a t  least half of the tube Cl 
and which can be focused at  a definite reproducible height on the tube Q. The source 
of light was an automobile head-light bulb (6 candle power, 6 volts) with a straight 
tungsten filament which was mounted so that the filament would be horizontal. In 
order to secure more intense illumination the bulb was operated with 10 volts instead of 
its rated 6 volts. The light passed through a condensing-projecting lens, L (a Bausch 
and Lomb, series I1 Cinephor with an effective focal length of five inches and a relative 
aperture of 3.5) and was brought to a primary focus outside the thermostat, as shown in 
Fig. 1. A screen with a horizontal slit was placed a t  this focus. This helped greatly 
in obtaining a beam which was narrow vertically a t  the viscometer. The diverging 
beam from the slit passed through a plate glass window in the side of the thermostat and 
then through a double lens, W, which brought the beam to a focus on the viscometer 
a t  C1. In order to increase the relative aperture without increasing the aberrations the 
parts of the final double lens were mounted in a water-tight cell so that their more re- 
fractive inner surfaces were in contact with the enclosed air and the outer surfaces were 
in contact with the water of the thermostat This lens when mounted as described in 
water had an effective focal length of 75 millimeters and a relative aperture of 2.5. A 
single lamp and projecting lens, L, served for both the upper and lower meniscus by 
mounting them in an elevator provided with suitable stops. The final double lenses, W, 
and slit in the screen, S, were duplicated so that each constriction C1 and Cz had its 
own lens and slit which remained in a fixed position. The double lenses were especially 
made for us by the firm of Pinkham and Smith of Boston We wish to thank Mr. 
John A. Seaverns of this h n  for his help in the construction of this optical system. 

The optical effect which forms the basis of our new method of timing is shown dia- 
grammatically in Fig. 2. 

Fig. 2.-Principle of optical effect a t  meniscus transit. 

When the narrow horizontal beam of light, D, strikes the quartz-water interface 
a t  the capillary tube inside CI most of the light will pass into the water, F, inside the 
capillary and finally emerge into the water of the thermostat nearly opposite where it 
entered the quartz. A small portion of the light beam which strikes the interface a t  a 
sufficiently acute angle will suffer total internal reflection as shown (M) but will miss 
the collecting rod of quartz, Y. However, as soon as the meniscus has passed below the 
light beam the water inside the capillary will be replaced by air, A, and as a consequence 
the critical angle for total internal reflection will be greatly changed, and therefore a 
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much larger portion of the beam will suffer a total internal reflection to the side as shown 
a t  N in Fig. 2 and will emerge from the quartz tube into the water of the thermostat a t  
an angle from the entering beam. The light thus diverted sideways enters the end of a 
quartz collecting rod, Y, which is suitabIy mounted near CI and C1, and passes through 
the rod lengthwise to the photoelectric cell. The light cannot emerge into the water of 
the thermostat owing to total internal reflection provided the curves in the rod are not 
too sharp. 

The two quartz collecting rods from the two constrictions were joined together in 
the form of a Y as shown in Fig. 1. The upper end of the quartz rod entered a light- 
tight box where the photoelectric cell was mounted. The invention of this method of 
producing a side-wise reflection of the light a t  the moment of transit of the meniscus and 
the device of leading this reflected light out of the water of the thermostat to the photo- 
electric cell by means of a quartz rod are the essential novel features of our method of 
timing. I t  was developed only after patient experimentation and adopted after critical 
comparison with other procedures which proved to be less satisfactory. The develop- 
ment of the rest of the apparatus to record the time accurately, although laborious and 
expensive, was comparatively speaking a routine matter. We used the photoelectric 
cell made by the General Electric Company and designated by them as type PJ-23. 
It is more sensitive than any other cell which we tried. Dr. R. F. Field and Mr. Horatio 
Lamson of the General Radio Company kindly brought their new type of stretched wire 
oscillograph to our laboratory and made some measurements on the current given by the 
photoelectric cell both when using the optical effect described above and when using 
other effects which proved to be less useful and are therefore not described here. These 
oscillographic tests showed that, when operating as described above, about 0.05 second 
was required from the time when the current from the photoelectric cell could be first 
detected until it reached its maximum value. This presumably measured the total 
time of transit of the meniscus through the height of the beam of light. This does 
not mean, however, that there is an error or uncertainty of this magnitude in our final 
results because the electromagnetic recording device operated when the current attained 
a definite value less than the maximum. We are measuring the difference in time 
between two very similar transits and the recording device operated a t  the corresponding 
stage of the two transits and thus gave the interval correctly. Moreover, we always 
compared the time of flow of a dilute solution with that of water so that any constant 
errors would be canceled out of the results. 

The power output from a photoelectric cell is too small to operate the chronograph 
needle directly and must therefore be amplified. There are difficulties in amplifying a 
current which takes 0.05 second to build up from zero to its maximum, which corresponds 
to a frequency of 5 cycles per second, but they can be overcome. The amplifier finally 
built uses three audion tubes with resistance-capacitance coupling and a minimum of 
inductance. I t  is shown diagrammatically in Fig. 3. The types of tubes and the volt- 
ages used are shown in the figure. The best values for theresistancesand capacitances 
indicated in the diagram will depend to some extent on the individual tubes. In  our 
apparatus R1 was 20 megohms, Re and R4 were each 2 megohms, and Ra and % were 1 
megohm each, C1 and Cz were 2 microfarads. When the meniscus transit occurs the 
electric impulse from the amplifier through the chronograph was about 20 milliamperes. 
The photoelectric cell and entire amplifier, except the batteries, was contained in an elec- 
trostatically shielded box mounted immediately over the thermostat. We do not claim 
that this amplifier is the best possible design but merely that it worked satisfactorily. 
Figure 3 also shows a switch, CK, which when closed connected the clock to the chrono- 
graph and recorded seconds on the tape; and a tapping key, IK, which permitted the 
operator to make a mark on the tape at will to identify or call attention to any par- 
ticular signal from the clock or photoelectric cell. 



Our timing depended on a pendulum clock of good quality made by the Gaertner 
Scientific Company of Chicago and described in their catalog under Number L1013. 
The invar pendulum carried a platinum tip which swung through a small trough of 
mercury, thus closing, once every second, an electric circuit including a battery and the 
chronograph. It seems improbable that the rate of this clock varied sufficiently during 
any day to cause an error of 0.01 second in 618 seconds. 

Fig. 3.-Photoelectric cell, ampliEer and electrical connections 

The chronograph used was a Duplex Syphon Recorder made by the General Radio 
Company of Cambridge and designated by them as type 456. I t  had a moving paper 
tape (stock market ticker tape) which had an idling speed of 2.5 cm. per second and a re- 
cording speed of 30 cm. per second. I t  had two independent siphon pens operated by 
electromagnets which required about 5 milliamperes more or less dependent on the ad- 
justment of the spring of the armature. I t  is estimated that the lag in these pens was 
not more than 0 001 second. One pen recorded the transits of the meniscus, the seconds 
given by the pendulum clock, and the marks manually impressed by the key, IK, to 
identify the seconds of the clock. The other pen recorded the seconds and tenths of 
seconds given by another clock driven by a synchronous electric motor. This electric 
clock was made by the General Radio Company and is their type 5115. The rate of this 
clock depended on the frequency of alternations of the power supplied by the Cambridge 
Electric Light Company. The records of this clock were only used to subdivide the full 
seconds given by the pendulum clock. Unless the rate of this electric clock varied by 
more than 1% within the second in which thc transit of the mcniscus occurred, its 
records are reliable to within 0.01 second for the purpose of subdividing the full seconds. 
With this arrangement the velocity of the paper tape would have to vary by 10yo within 
the 0.1 second in which the transit occurred to cause an error of 0.01 second. I t  seems 
probable that the timing mechanism was reliable to within 0.01 second. 

After many months of apparently fruitless effort and disappointments following 
changes in the equipment, the eventful day arrived when seven successive runs with 
water gave results for the time of flow which differed by only 0.01 second between the 
highest and lowest of the seven, out of a total of 618 seconds. This demonstrated that 
the optical effect of the passage of the meniscus was sufficiently definite and that the 
timing mechanism and temperature control were adequate. But these observations 
were made on one filling of the viscometer. The problem of cleaning ahd refilling the 
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viscometer without changing the period still gave us much trouble and indeed has not 
yet been completely solved. Absolute cleanliness is essential as a trace of grease or 
dust will give erratic results. Cleansing reagents can make as much trouble as the more 
obvious forms of dirt. Indeed on one occasion the period increased from one filling to 
the next by nearly a second and the new high value for the period persisted for about 
two months in spite of drastic cleaning and then suddenly and inexplicably returned to 
its old value. The most plausible hypothesis to account for such a large change is that a 
speck of dust had become lodged in the capillary although it was not revealed by careful 
inspection. We have found it essential that every thing which enters the viscometer 
(water, solutions, cleansing reagents, and the air used to dry the instrument) should be 
filtered through a sintered glass filter or a platinum sponge filter. The sintered glass 
filter was made for us of Pyrex glass by H. E. Bent.12 

If the volume of the working liquid is varied the hydrostatic head will change and 
this will influence the period. Therefore we filled the viscometer by means of a special 
pipet with a goose-neck delivery tube designed to deliver as definite a volume as possible 
each time and yet permit the actual volume delivered in each experiment to be deter- 
mined by weighing the pipet to milligrams before and after filling the viscometer. If 
the amount actually delivered differed by a significant amount from the standard volume 
(about 60 ml.) a correction to the measured time was applied, based on the results of 
special experiments showing that a surplus of 0.013 ml, caused the time of flow to be in- 
creased by 0.01 second. Aftex skill in the manipulation of the pipet had been acquired 
by practice the volume correction averaged less than 0.01 second. The delivery tube 
was broken accidentally twice during the experiments and after being repaired delivered 
a slightly different standard volume which caused a corresponding difference in the water 
value. The water value was also changed by slight but significant amounts in the course 
of the work by adjustments in the optical system, by remounting the viscometer in its 
frame, and by a redetermination of the 25' mark on the Beckmann thermometer after 
i t  had been lost by overheating. All of these changes, however, affect the solutions to 
the same extent as the water. Since we could not be sure that the water value would 
remain unaltered it was our invariable practice to measure water and a solution al- 
ternately and always measure the water at  least once on the same day that the solutions 
were measured. After the technique had been perfected successive measurements of the 
time of flow without refilling rarely differed by more than 0.02 second and different 
fillings made on different days usually agreed within 0.03 second although occasionally 
much greater variations occurred for the reasons explained above. The viscosity of the 
solutions is computed with a water value determined within four hours of the time of 
measuring the solution instead of an average (or standard value) and the results for the 
relative viscosity of the solutions thus obtained are more consistent than can be obtained 
by assuming the water value to be unchanged. 

The kinetic energy correction was applied to the results in all cases in which it 
amounted to O.OO1~o or more, in accordance with a method suggested by Bingham.13 
The greatest correction which needed to be applied was only 0.00013 in the case of 0.02 
molal sucrose solution. 

The density of the solutions enters into the calculations of the relative viscosity as 
a direct factor and therefore needs to be known with the same precision as the time of 
flow. For this reason the density of all of the solutions was determined by the use of 
pycnometers of about 50 cc. capacity. The densities were determined with greater 
precision than the time of flow could be determined. 

Materials.-The water used both for making up the solutions and to determine the 
period of the viscometer was conductivity water, collected in contact with the laboratory 

(12) W. E. Bruce and H. E. Bent, T I ~ I ~  JOURNAL, 53, 990 (1931). 
(13) E. C. Bingham, "Fluidity and Plasticity," McGraw-Hill Book Co., Inc., New York, 1922, p. 18. 



air and kept in large Non-Sol bottles. Its conductivity was determined before it was 
used and if the conductivity was found to be abnormally high the water was rejected. 
The average conductivity was 1.0 X lov6 a t  25O. All of the materials used are believed 
to have contained no impurities in sufficient amounts to affect the results measurably. 
The most dangerous impurity would be specks of dust. The purest salts available by 
purchase were dissolved, filtered through sintered glass filters, crystallized, drained and 
washed in platinum Gooch crucibles in a centrifuge. This entire process was repeated 
several times for some salts, but not in all cases, depending on the purity of the salts 
as judged by the color in the flame or other tests. Potassium chloride was fused and the 
other salts subjected to prolonged drying in vacuum desiccators. The cesium nitrate 
was kindly prepared for us from the mineral pollucite by Professor Brainerd Mears of 
Williams College. Spectroscopic and chemical tests showed that this material was of 
the highest quality. 

Two non-electrolytes, sucrose and urea, were studied in order to test the theoretical 
prediction that the viscosity-concentration curves for electrolytes and for non-electro- 
lytes would have an essentially different shape a t  low concentrations. I t  was, therefore. 
especially important to ensure that these materials should be as free as possible from 
electrolytes. This was, of course, easily tested by measuring the conductivity of the 
solutions. The sample of sucrose was estimated by conductimetric analysis to con- 
tain about 0.001% of electrolytes which could not influence the viscosity measurably. 
Since dilute sucrose solutions are liable to change by inversion or fermentation, the solu- 
tions were measured as promptly as possible after they were prepared. A special ex- 
periment showed no measurable change in viscosity after standing for forty-eight hours. 

Sterling's c. P. urea was treated twice by the procedure described above for salts. 
Solutions of urea may be slowly hydrolyzed to form ammonium carbonate, and this 
change was easily detected by a slow change in the conductivity. 

The conductivity of our freshly prepared solution indicated that it had hydrolyzed 
to the extent of nearly 0.00295, which increased to nearly 0.02% after standing for 
twenty-four hours in the conductance cell (in contact with the platinum electrodes which 
may have catalyzed the reaction). The strongest urea solution measured was 0.2 molal 
and even assuming 0.02y0 hydrolysis, which is probably an overestimate since the vis- 
cosity measurements were made promptly after preparing the solution, the concentra- 
tion of the ammonium carbonate would have been only 0.00004 molal and therefore 
could not have influenced the viscosity measurably. 

The solutions were prepared by weighing out the solute and making up the solution 
to 1 liter in a volumetric flask at 25 ". 

The data on the solution of 0.1 N potassium chlorate are given in con- 
siderable detail in Table I in order to show the concordance of the data 
obtainable with our new procedure. 

The first line gives the concentration, c,  of the solution in moles per liter 
a t  2 5 O  and the date of the experiment; the second line gives the density at  
2 5 O ,  based on 0.997074 for the density of water a t  the same temperature 
with the letters B, C, D designating the different pycnometers used and av. 
the average. The numbers 1, 2, 3, designate the successive measurements 
of the time of flow on the same filling of the viscometer. The viscometer 
was filled with solution giving the results shown in the second column, 
then washed and dried and filled with water giving the results shown in 
the third column and again filled with another portion of theusame solution 
giving the results shown in the fourth column. The figures designated by 



wt. are the weights of water or solution delivered by the filling pipet. The 
next line gives the volume correction (v. c.) in seconds to correct for the 
influence on the measured time of the variations in average hydrostatic head. 
The next line gives the average time of transit, t, with the volume correc- 
tion applied. The next line gives the apparent viscosity, d,t,/do&, before 
the kinetic energy correction has been applied, and the last line gives the 
corrected relative viscosity, 7, after applying the kinetic energy correction. 

TABLE I 
DETAILED EXAMPLE OR DATA 

Potassium chlorate c = 0.100000 11/25/3 1 
d B 1.004691 C 1.004689 D 1.004684 av. 1.004688 

Liq. Soln. Water Soln. 
1 612.77 618.32 612.77 
2 612.78 618.33 612.77 
3 612.77 618.32 612.75 
av. 612.77 618.32 612.76 
wt. 61.090 60.635 61.094 
v. C. 0.00 0.00 0.00 
t 612.77 618.32 612.76 
dctc/doto 0.99859 0.99858 
Kinetic energy corr. -0.00008 - 0.00008 
?f 0.99851 0.99850 

The data on the other solutions are given in a more abbreviated form in 
Table I1 to save space in printing. The column headings have the follow- 
ing significance: c, concentration in gram moles per liter, dc is the density 
based on water a t  25O 0.997074; tc is the average time of flow for the solu- 
tion ; to is the average time of flow for water; dctc/doto is the apparent relative 
viscosity with no kinetic energy correction applied; K. E. corr. is the 
kinetic energy correction; 7 obs. is the measured viscosity relative to 
that of water at  the same temperature; 7 comp. is the viscosity computed 
by the equations given below. 

forKC108 q = 1 + 0.0050 .\/c - 0 . 0 3 0 9 ~  
KC1 q = 1 + .0052 - .0140 c 
KNOJ q = 1 +  .0050 .\/c- .0531c 
KBrOa q = 1 + .0058 - .0008 c 
CSNOS q = 1 + .0043 - .092c 
NHdCI q = 1 + .00566 - .01439 c 
Sucrose 7 = 1 + .8786 c 
Urea q = 1 + .03784 c 

An = rl obs. - q comp. is the difference between the observed and computed vis- 
cosity. 

Interpretation of the Results 
In Figs. 4, 5 and 6 plots of the results are shown with relative viscosity 

as ordinate and concentration as abscissa. These curves and the data on 
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TABLE I1 

RELATIVE VISCOSITY OF SALT SOLUTIONS AT 25 
Potassium Chlorate 

a, fc to d , l , /d~lo K .  E. corr. q obs. q comp. 

0.997230 618.21 618.20 1.00017 0.00000 1.00017 1.00016 
,997448 618.11 618.21 1.00021 .OOOOO 1.00021 1.00020 
,997830 617.86 618.22 1.00018 - .00001 1.00017 1.00019 
.998596 617.39 618.26 1.00012 - .00001 1.00011 1.00009 

1.000892 615.68 618.28 0.99961 - .00004 0.99957 0.99957 
1.004688 612.76 618.32 ,99858 - ,00008 ,99850 ,99849 

Potassium Chloride a t  25 " 
0.997160 618.20 618.14 1.00019 0.00000 1.00019 1.00021 
.997312 618.27 618.23 1.00030 .OOOOO 1.00030 1.00030 
.997550 618.08 619.11 1.00040 .OOOOO 1.00040 1.00038 
.998023 618.71 619.02 1.00045 - .00001 1.00044 1.00046 
.998730 618.24 618.96 1.00050 - .00001 1.00049 1.00048 
.999443 617.79 618.99 1.00043 - .00002 \ I ,  00045 00046 

616.88 618.03 1.00051 - .00002 J 
1.000625 616.15 618.08 1.00042 - .00003 1.00039 1.00037 
1.001790 615.35 618.08 1.00029 - .00004 1.00025 1.00024 
1.004128 613.71 618.05 1.00000 - .00006 0.99994 0.99991 
1.006463 612.14 618.15 0.99960 - .00009 ,99951 ,99952 

Potassium Nitrate a t  25 O 

0.997134 618.86 618.82 1.00012 -0.00000 1.00012 1.00010 
.997200 618.82 618.82 1.00013 - .OOOOO 1.00013 1.00012 
.997390 618.67 618.79 1.00012 - .OOOOO 1.00012 1.00009 
.997709 618.39 618.81 0.99996 - .00001 0.99995 0.99997 
.998336 617.82 618.81 .99966 - .00002 .99964 .99964 

1.000192 615.92 618.78 ,99849 - .00004 .99845 .99846 
1.003283 612.77 618.83 .99637 - .00009 .99628 .99627 

Potassium Bromate a t  25' 
0.997315 618.80 618.79 1.00026 0,00000 1.00026 1.00026 
.997698 618.70 618.81 1.00045 .OOOOO 1.00045 1.00040 
.998294 618.38 618.77 1.00059 - ,00000 1.00059 1.00057 
.999519 617.72 618.75 1.00078 - .00001 1.00077 1.00080 

1.003556 615.59 618.79 1.00130 - .00005 1.00125 1.00129 
1.009284 612.40 618.75 1.00186 - .00009 1.00176 1.00175 

Cesium Nitrate a t  25 
0.997140 618.19 618.20 1.000050 

618.83 618.86 1.000002 O:::i::) 1.00003 1'00005 

.997205 618.20 618.28 l.OOOOl6 
618.82 618.88 1.000034 

00000 ) 1.00003 l.00004 

.997350 618.07 618.24 1.000002 
618.73 618.90 1.000002 

J"'OOO} 1.00000 100001 

.997788 617.72 618.25 0.999858 - .00001 o,99986 o.90984 
618.28 618.80 0.999875 } 

,998517 617.66 618.84 0.999537 - .00002 .99952 ,99951 
.999953 616.43 618.93 0.998836 - .00004 ,99876 ,99877 

616.29 618.83 0.998771 

Ammonium Chloride a t  25" 
0.997115 618.89 618.79 1.00020 0.00000 1.00020 1.00022 
.997162 618.74 618.60 1.00031 .OOOOO 1.00031 1.00033 
.997248 618.91 618.74 1.00045 .OOOOO 1.00045 1.00042 
.997423 618.81 618.71 1.00051 .OOOOO 1.00051 1.00051 
.997940 618.50 618.70 1.00054 - .OOOOO 1.00054 1.00055 
.998789 617.87 618.70 1.00037 - .00001 1.00036 1.00035 

1.000473 616.44 618.74 0.99968 - .00003 0.99965 0.99965 

An 
obs. - comp. 

+0.00001 
+ .ooool 
- .00002 
+ .00002 
- .00000 
+ .00001 
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TABLE 111 

RELATIVE VISCOSITY OR SOLUTIONS OF NON-ELECTROLYTES AT 25 
Sucrose 

K E. corr. 

+0.00000 
+ .00001 
+ .00001 
+ .00001 
+ .00003 
+ .00007 
+ .00013 

Urea 
0.997106 618.32 618.30 1.00006 +O.OOOOO 
,997152 618.35 618.28 1.00019 .OOOOO 
.997230 618.42 618.30 1.00035 .OOOOO 
,997390 618.54 618.27 1.00076 .OOOOO 

.997867 618.97 618.32 1.00185 + .00001 

.998666 619.61 618.30 1.00372 + .00002 
1.000252 620.98 618.29 1.00755 + .00004 

An 
~.omp. obs. -corup. 

1.00018 +0.00001 
1.00044 + .OOOOO 
1.00088 + .00003 
1.00176 - ,00003 
1.00439 - .00001 
1.00879 - .00006 
1.01757 + .00003 

which they are based show that the prediction of Jones and Dole that even 
those salts which decrease the viscosity of water at  moderate concentration 

C. 

Fig. 4.-Relative viscosity-concentration curve for potassium bromide, 
ammonium chloride and potassium cliloride. 

will give an increased viscosity at  sufficiently low concentration has been 
confirmed experimentally at  25' for five salts, potassium chlorate, potas- 
sium chloride, ammonium chloride, potassium nitrate and cesium nitrate. 



In addition, the prediction has been confirmed by Joy and Wolfenden for 
potassium chloride, potassium chlorate, and rubidium nitrate a t  18' and 
for rubidium nitrate at 35'. In the case of potassium bromate the viscosity 
remains greater than that of water throughout the range of concentration 
covered by our experiments (up to 0.1 molal). 

Jones and Dole demonstrated that for barium chloride, which is presum- 
ably typical of the salts which increase the viscosity of water, the fluidity- 
concentration curves have a simpler form than the viscosity-concentration 
curves and that the equation cp = 1 + A<c + Bc is valid up to 1 molal. 

0.02 0.04 0.06 0.08 0.10 
C. 

Fig. 5.-Relative viscosity-concentration curve for potassium chlorate, 
potassium nitrate and cesium nitrate. 

In this equation A is expected to have a negative value for all salts and B 
may be either positive or negative, depending on the salt and temperature. 
On the other hand, for salts which diminish the viscosity of water this 
equation is probably not generally valid beyond 0.2 molal. For such salts 
i t  will probably be better to use an equation of similar form in terms of 
viscosity, namely, q = 1 + A d z  + Bc, where the A is the same as the A 
in the fluidity equation except for a reversed sign, and the B will also be 
reversed in sign and identical in value within the limit of error to which B 
has yet been determined. The substantial equivalency of the two forms for 
dilute solutions (c << 1) will be apparent by replacing 9 by llrl and taking 
the reciprocal of both sides of the equation, making due allowance for 
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the fact that A and B are much smaller than unity for all salts yet studied. 
When the equation is stated in terms of viscosity A is expected to be posi- 
tive for all salts and zero for non-electrolytes. B may have either a posi- 
tive or negative value depending on the salt and the temperature. 

The equation 7 = 1 + A V 4  =I= Bc may be readily transformed into 
(s - l ) / l / c  = A * Bdc.  This equation may therefore be most con- 
veniently tested by plotting (7 - l)/& against l/Z which should give a 
straight line whose intercept on the vertical axis is A and whose slope is B. 

C. 

Urea--+ 0.04 0.08 0.12 0.16 0.20 
C. 

Fig. 6.-Relative viscosity-concentration curves for sucrose and urea. 

As will be seen from Pigs. 7 and 8 the plotted data lie on a straight line 
and the value for A is positive for all the salts and zero for sucrose and 
urea. The values for A and B were selected by the use of the method of 
least squares instead of by plotting because the algebraic procedure is 
more precise and entirely objective. In the last column of Table I11 are 
given the differences between the observed viscosity and the viscosity com- 
puted by this equation with the values of co&cients A and B given in 
Table IV below. The average deviation, disregarding the sign, is 0.0015% 
which corresponds to an error in the time of flow of only 0.01 second. 
The maximum deviation for any of the forty-two solutions measured is 
0.005Y0 which corresponds to an error in the time of flow of 0.03 second. 



This maximum deviation is probably accounted for by the fact that this 
particular measurement was made during a period of hot weather when 
the temperature of the room was above 25' which makes the control of the 
temperature less satisfactory than during cooler weather. The Jones and 
Dole equation is therefore confirmed for these six salts within the limit of 
error of the experiments. 

0.1 0.2 0.3 0.4 0.5 
l/c. 

Fig. '7.-(r)-1)/& against for electrolytes: the curve Ar) shows graphi- 
cally how a variation of 0.01% in q affects the data as plotted above. 

The experimental values of A and B, computed by the method of least 
squares from the data above to fit the Jones and Dole equation, are shown 
in the following table and compared with the theoretical values of A com- 
puted by the Falkenhagen and Vernon equation. This equation reduces 
to the following form for the case of a uni-univalent salt 

where vo and DO are the absolute viscosity and dielectric constant of water 
a t  the temperature T and 11 and l2 are the equivalent conductances of the 
two ions a t  zero concentration. 

The coefficient of the linear term (B) varies much more from salt to salt 
and has a greater temperature coefficient than the coefficient of the square 
root term ( A ) .  For most salts the sign of B will be positive in the viscosity 
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VALUES OF THE CONSTANTS I N  1HE EQUATION 17 = 1 + A <C f BG 
B A A 

J. & D. J. & D. F. & V. 
Solute expenmental exper~mental theoretical 

KC1 -0.0140 0.0052 0.0050 
KC103 - .UdOS .0050 .0055 
KBr03 - .0008 .0058 .0058 " 

KNOs - ,0531 .0050 .0052 
NH4Cl - ,01439 .0057 .0050 
CsNO3 - .092 .0043 .0051 
Sucrose + .8786 0 0 
Urea + .O3784 0 0 

equation (or negative in the fluidity equation). Little is known as yet in 
regard to the factors which influence the sign and value of this coefficient. 

0.1 0.2 0.3 0.4 0.5 
dc. 

Fig. 8.--(q--l)/& against y/c for the non-electrolytes sucrose and urea. 

The agreement between the observed and computed values is good and 
supports the Falkenhagen and Vernon equation for A .  According to the 
Falkenhagen and Vernon equation the value of A for any given salt, solvent, 
and temperature will depend mainly on the valence type of the salt and 
to a less extent on the mobilities of the ions concerned. The results 
obtained up to the present time are in harmony with these conclusions as 
far as they go. 

The results on extremely dilute solutions of sucrose and urea confirm 



the theoretical prediction that square root term will be absent for non- 
electrolytes. 

It is planned to continue the work in this Laboratory by measurements 
on other salts, at  other temperatures, and in other solvents. 

Grateful acknowledgment is made for an appropriation from the Milton 
Fund of 'Harvard University for the expenses of this investigation. 

Summary 
1. A new method for the automatic measurement oi the time of flow of 

the liquid in a viscometer of the Ostwald type by means of a photoelectric 
cell is described. The elimination of the psychological errors inherent in 
the older technique permits greater precision. 

2.  The viscosities of dilute aqueous solutions of six salts and two null- 
electrolytes have been measured at  25'. 

3. The results confirm the prediction made by Jones and Dole based 
on the Debye theory of interionic attraction that all salts will increase the 
viscosity of water if measured a t  sufficiently low concentration, including 
those salts which give a diminished viscosity a t  moderate concentrations. 

4. The results confirm the Jones and Dole equation for the viscosity of 
solutions of electrolytes. 

5 The results also confirm the Falkenhagen and Vernon equation 
for the computation of the influence of interionic attraction on the viscosity 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF KANSAS] 

The Solubility of Nitrates in Anhydrous Acetic Acid 

Introduction 
Although several investigations have recently been carried out upon 

various properties of solutions of salts in anhydrous acetic acid, quantita- 
tive solubility data for such solutions are still very meager. Aside from 
some early work on halides of mercury,l calcium and magne~ium,~ and 
a n t i m ~ n y , ~  and the studies of acetates (bases in this solvent) reported from 
this Lab~ratory,~ the only accurate solubility measurements have been those 
of ~ e w a r d  and Hamblets on potassium perchlorate and potassium nitrate, 
a t  a single temperature, in the presence of varying amounts of added salts. 

(1) $tad,  Ann. chim. phys., [7] 2,555 (1894). 
(2) Menschutkin, Z. anorg. Chcm., 54, 89 (1907). 
(3) Menschutkin, J. Russ Phys.-Chem. SOC., 43, 1785 (1911); Chem. Abstracts, 6, 1280 (1912). 
(4) (a) Davidson and McAllister, THIS JOURNAL, 52, 507, 519 (1930); (b) Davidsnn and Griswold, 

i b id . ,  53, 1341 (1931). 
(5) Seward and Hamblet, ibid., 54, 554 (1932) 
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I t  was mentioned in a previous paper6 that a large number of nitrates are 
appreciably soluble in acetic acid. In the present investigation, solubility 
data were determined over a wide range of temperature for the nitrates df 
silver, sodium and ammonium, and for barium nitrate a t  a single ternpera- 
ture. In the case of ammonium nitrate the determinations were continued 
to the melting point of the pure salt, so as to cover the entire range of con- 
centrations; the freezing point curve thus obtained presents several inter- 
esting features. 

Method 
Preparation of Materials.--Pure anhydrous acetic acid was prepared as described 

previo~sly.~ The freezing point of the acid used in this work was from 16.55 to 16.60'. 
'The salts were puritied by recrystallization and thoroughly dried under suitable condi- 
tions; the purity of the silver nitrate and the ammonium nitrate was checked by analysis. 

Determination of Solubility.-In the case of the silver, so

di

um and amn~onium salts. 
the synthetic or freezing point method was used;s the determinations were carried out in 
large stoppered test-tubes provided with thermometer and stirrer as previously de- 
scribed. The thermometers were carefully calibrated before use. and each saturation 
temperature was determined a t  least twice. The measurements for sodium and silver 
nitrate were not continued beyond 100°, because of the inconveniently high vapor pres- 
sure of acetic acid a t  higher.temperatures; ammonium nitrate, however, was so much 
more soluble at  100 O that the vapor pressure was lowered sufficiently for the determina- 
tions to be continued up to the melting point, without change of method. 

The accuracy of the determinations varies considerably with the rate of change of 
solubility with temperatuie. For the sodium and ammonium nitrate solutions, the 
equilibrium temperatures reported are believed to be correct to within 0.5 ", a consider- 
able portion of the ammonium nitrate data being more accurate than this. In  the case 
of silver nitrate, a very faint turbidity, which persisted up to the boiling point, and may 
have been brought about by a slight solvolysis, was observed in all the solutions. Be- 
cause of this fact, together with the extreme steepness of the freezing point curve, the 
equilibrium temperatures are less accurate; they are believed to be correct to within 1 O. 

The solubility of the barium nitrate proved to be so small that it could not be deter- 
mined by the synthetic method. Instead, the concentration of solute in a solution satu- 
rated a t  a fixed temperature was determined by analysis. An excess of the salt was 
heated with 100 cc. of acid to 100° for forty-five minutes in a stoppered flask. The 
mixture was then cooled to room temperature, placed in a thermostat and allowed to 
remain a t  30' for two days, with frequent stirring. The concentration of the solution 
was then determined by precipitation of the barium as sulfate. Because of the ex- 
tremely small solubility, no high degree of accuracy is claimed for the result; it is correct 
to within 10%. 

Analysis of Solid Phases.-Samples of the solid phases present a t  equilibrium were 
obtained by atration, followed by rapid drying between porous tiles. The products SO 

obtained were then analyzed to determine whether or not acetic acid of solvation was 
present. In the case of the silver nitrate solution, the solid was analyzed both for ~b 
silver content, by precipitation as chloride, and for acidity, by titration with sodium 
hydroxide solution; a rough colorimetric determination of nitrate, by means of phenol- 
disulfonic acid, was made also. The sodium nitrate was tested merely by titration 
- 

( 6 )  Davidson, THIS JOURNAL, 60, 1890 (1928). 
(7) Ref. 4a, p. 508. 
(8) A detailed discussion of the factors affecting the accuracy of this method has been given in a 

recent article by Sunier, J .  Phys. Chcm., S 4  2582 (1930). 



for acidity. In the case of the ammonium nitrate, the ammonia was determined by 
addition of excess of sodium hydroxide solution, followed by distillation into standard 
hydrochloric acid. 

Results 
The data obtained are tabulated below, and are represented also in the 

accompanying diagrams. Concentrations are expressed throughout in 
mole percentage of solute; T denotes the equilibrium temperature in OC. 

I. SILVER NITRATE-ACETIC ACID 

Solid phase silver nitrate 

AgN03, % 0.0274 0.0398 0.0439 0.0708 
T 30 36 40 54 

AgNOs, % 0.1035 0.1332 0.1361 0.1940 
T 64 78 81 93 

The solubility curve is shown in Fig. 1. The solid phase showed no 
measurable acidity; analysis for silver gave 62.30% (calcd. for AgN03, 
63.49%). I t  is evident that the compound is unsolvated silver nitrate. 

A colorimetric test for nitrate gave results in accord with this conclusion. 
It has been reported

g 
that when silver nitrate was treated with an excess of 

boiling acetic acid, colorless needles of a substance having the formula 
(C2H302)2NOH(OAg)2 separated on cooling. This formula might equally 
well be written Ag2(CzH302)N03.HCzH302, and the compound might be 
regarded as a solvated product of partial solvolysis (a basic salt of the acetic 

(9) Pictet and Klein, Arch. sci. Ohys. nut. GenPve, 16, 589 (1903); J. Chem. Soc., 84, 1, 675 (1903). 
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acid system). No such compound could be isolated, however, in the 
present work. 

11. SODIUM NITRATE-ACETIC ACID 

(a) Solid phase acetic acid 

NaNOs, % 0 0  0.031 0.139 0.150 
T 16.60 16.53 16.48 16.45 

(b) Solid phase sodium nitrate 

NaN03, % 0.122 0.139 0.150 0.166 0.173 0.183 
T 27.0 29.0 31.5 36.0 40.0 42.5 

NaNO,, yo 0 202 00.46 0.448 0.573 0.641 0.677 0.854 
T 46 5 53.7 78.5 88.3 93.4 95.7 103.0 

The solubility curve is shown in Fig. 1. The solid phase (b) showed no 
appreciable acidity, and is therefore unsolvated sodium nitrate. 

111. AMMONIUM NITRATE-ACETIC ACID 

(a) Solid phase acetic acid 
NHaNOa, yo 0.0 0.0741 0.1287 
T 16.60 16.57 16.47 

Solid phase ammonium nitrate 
0.3249 0.3916 0.5143 

21.4 27.0 33.6 

2.468 2.636 3.239 
67.6 69.0 71.4 

7.255 8.620 13.68 
85.7 89.0 97.1 

27.64 31.25 37.98 
108.9 110.6 113.1 

55.5 60.1 63.1 
120.0 121.4 122.9 

78.6 82.3 86.3 
136.9 143.1 149.7 

A small portion of the solubility curve is shown in Fig. 1, and the entire 
curve, on a smaller scale, in Fig. 2. Analysis of the solid phase (b) in equilib- 
rium with solution a t  about 30' showed 20.00% of ammonia (calcd. for 
NH4N03, 21.27%) ; since the upper portion of the curve terminates a t  the 
melting point of ammonium nitrate, the solid phase is evidently unsolvated 
salt throughout the entire range of concentrations. 

Since ammonium nitrate is known to exist in four different crystalline 
modifications, a t  ordinary pressure, between - 18' and its melting point,1° 
the solubility curve might have been expected to exhibit sudden changes in 
slope a t  the transition temperatures, namely, 32.3, 84.2 and 125.2O; such 
discontinuities have, in fact, been observed in the solubility curve for this 

(10) The most recent discussion of the polymorphism of ammonium nitrate is given by Hendricks, 
Posnjak and Kracek, THIS JOURNAL, 54, 2766 (1932). 
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salt in water." In the acetic acid curve, however, these discontinuous 
changes must be much less marked, those at  the two lower temperatures 
not being detectable a t  all in Fig. 2. A slight "break," however, may be ob- 
served a t  a temperature of 1 2 5 O ,  corresponding to the change from the 
tetragonal (11) to the cubic (I) modification; this change, incidentally, is 
accompanied by a far greater heat of inversion than any of the others. 

0 10 20 30 40 50 60 70 80 90 100 
Mole % of NHaO3. 

Fig. 2.-System NHdN0rHc;Hao~. 

The form of the ammonium nitrate-acetic acid curve will be further dis- 
cussed below. 

IV. BARIUM NITRATE-ACETIC ACID 

Solid phase Ba(N0a)r; solubility at 30'. 0.0005% 

It was previously reported12 that this salt was very slightly soluble and 
could be obtained as a precipitate upon mixing acetic acid solutions of 
barium iodide and sodium nitrate. 

Discussion 

The solubilities at 25' of the four salts here studied, together with that of 
potassium nitrate,13 are shown in Table I; their solubilities in water14 are 
included for purposes of comparison. In both solvents the solid phase is in 
every case the unsolvated salt. 

(11) "International Critical Tables," Vol. IV, p. 217. 
(12) Ref. 6, p. 1893. 
(13) Seward and Hamblet, Ref. 5, p. 568. (In the heading of the second column of Table I1 

''KC104" appears, evidently as a typographical error, instead of "KNOD"). 
(14) Ref. 11, pp. 217-240. 



S o r , r r ~ r r , r ~ u  OF ~JNSOI.VATED NITRATES IN ACETIC Acxn AND IN WATER AT 2 5 O  
Solubility in acetic acid Solubility in water 

Moles per 1000 g. Moles per 1000 g. 
Salt Mole, % solvent solvent 

Ba(N0d~ 0.0005 0.00008 0.400 
KNOa .I05 .0175 3.74 
NaN08 .I21 .0202 10.80 
&Nos .020 .0033 14.00 
NH4NOr .370 .OBI9 26.98 

The fact that interionic forces are much greater in acetic acid than in water 
makes the fonner a poorer "salt solvent."15 Except for silver nitrate, solu- 
bility in acetic acid, in this series of salts, increases in the same order as in 
water; which, incidentally, corresponds to the order of decreasing melting 
points. 

The discontinuous change in slope of the freezing point curve for am- 
monium nitrate at 125' has been mentioned above. Even aside from this 
"break," however, the entire course of the curve-steep in its initial 
portion, flattening out to a long central section of small slope, and becom- 
ing steeper again a t  a high concentration of salt-is of a decidedly unusual 
character. It resembles somewhat the curve observed for salicylic acid 
in water by Ate~ejew,'~ and that for silver perchlorate in benzene discussed 
by Hill,'' each of which shows a point of inflection; but in the ammonium 
nitrate curve there are two distinct points of inflection, a t  60% and a t  85% 
of solute, respectively. 

It is often of interest, in the study of solubility data, to plot them in the 
manner suggested by Hildebrand,18 using as coijrdinates log N (where N 
is the mole fraction of solute) and 1/T, the reciprocal of the absolute tem- 
perature a t  which solution and solute are in equilibrium. In the ideal case 
(for a solution obeying Raoult's law at  all temperatures and pressures) this 
method of plotting yields a straight line whose slope is --Lf/4.58, where 
Lf is the mold heat of fusion of the so l~ te . '~  In the case under considera- 
tion, since both components are polar to different degrees, and since they 
doubtless also differ considerably in internal pressure, wide and as yet un- 
predictable deviations from ideal behavior might be a n t i ~ i p a t e d . ~ ~  Never- 
theless, it appeared to be worth while to plot the data, a t  least for that 
portion of the curve in the vicinity of the melting point of the solute, in 
the manner just described. 

The molecular state of acetic acid in solution is not definitely known. 
(15) Cf. Hammett and Dietz, Tms JOURNAL, 62, 4807 (1930). 
(16) Alexejew, Wded. Ann., 28, 330 (1886). 
(17) Hill, THIS JOURNAI,, 44, 1163 (1922). 
(18) Hildebrand, "Solubility," Chemical Catalog Co., Inc. New York, 1924, p. 148. 
(19) If the heat of fusion varies with the temperature, there is a corresponding deviation from a 

linear relationship. 
(20) Ref. 18, chapters VIII and IX. This system would not fa11 in the class of "regular" solutions, 

discussed at length by Hildebrand, Tars JOURNAL, 61, 66 (1929). 



This compound is undoubtedly associated in the liquid state, both alone 
and in solution in many solvents,21 and association is considerable in the 
vapor state also,22 persisting even to temperatures well above the boiling 
point.23 On this account, several writers,24 in discussing systems con- 
taining acetic acid as one component, have considered it as having the 
formula (C2H402)2. While it is probable, in the present instance, that a 
considerable fraction of the acetic acid is in this form in solutions containing 
a large proportion of the solvent, at  low temperatures, it is doubtful that 
such association would persist in solutions dilute in acetic acid, or at  high 
temperatures. However, mole fractions have been calculated on the basis 
both of single and of double molecules (molar weight 120) of acetic acid, 
for purposes of comparison, and the resulting curves have been plotted in 
Fig. 3. Each of these curves, it will be noticed, shows a slight "break" a t  
a point corresponding to the transition temperature, 125'. 

Fig. 3.-Solubility of ammonium nitrate in acetic acid: A, curve based on 
usual formula for acetic acid; B, curve based on formula (C2H402)~; I, ap- 
proximate course of ideal curve. 

The heat of fusion of ammonium nitrate has apparently never been 
determined by direct calorimetric measurement. However, Bridgman,25 

(21) Smyth, "Dielectric Constant and Molecular Structure," Chemical Catalog Co., Inc., New 
York, 1931, pp. 173-174. 

(22) Drucker and Ullmana, Z. physik. Chem., 74,  604 (1910). 
(23) Trautz and Moschel, Z. anorg. allgem. Chem., 155, 13 (1926). 
(24) Ward, J .  Phys. Chem., 30, 1316 (1926); Roozeboom, "Heterogene Gleichgewichte," Bruns- 

wick, 1904, Vol. 11, part 1, p. 260. 
(25) Bridgman. Proc. Am. Acad. Sci., 51, 581 (1916). 



in a study of the effect of pressure upon the polymorphism of this sub- 
stance, calculated the heat of fusion, by means of the Clapeyron equation, 
from the rate of change of melting point with pressure, obtaining the value 
6.9 kilogram-meters per gram, which is equivalent to the remarkably low 
value of 1300 calories per gram mole. 1)ue to the difficulty in determining 
the increase in volume accompanying fusion, this value is probably not 
very accurate. In such an approximation, the unknown difference in heat 
capacity between the solid and liquid forms may be neglected, and the heat 
of fusion may be regarded as constant over a short temperature range.2G 
Using the value of 1300 for Lf, we get -284 as the slope of the ideal curve 
between the melting point and 125'. This is represented in Fig. 3 by the 
broken line, the equation for which is log N = 0.644 - 284/T. 

It is evident that the experimental curve plotted on the basis of the usual 
formula for acetic acid deviates very widely from the ideal, even a t  low 
concentrations of acid, in the direction of smaller solubility. On the other 
hand, the curve plotted on the basis of double molecules of acetic acid ap- 
proaches the ideal position rather closely at  temperatures within 3 5 O  of 
the melting point; it  is nearly linear over most of this range and has, in 
fact, practically the slope calculated from the approximate heat of fusion 
found by Bridgman. In the present state of our knowledge of this system, 
however, this approach to the ideal curve must be regarded as hardly more 
than fo r t u i t ou~ .~~  At lower temperatures the solubility appears to fall 
far below the ideal value; solvation presumably occurs only to a slight 
extent, if a t  all. 

Summary 

1. Quantitative solubility data have been obtained for ammonium, 
sodium and silver nitrates in acetic acid over a wide range of tempera- 
tures, and for barium nitrate a t  30'. The solubility of these salts decreases 
in the order named. No solvates were isolated from any of the solutions. 

2. A "break" occurs in the solubility curve of ammonium nitrate a t  
125', due to the change in crystalline form which occurs a t  this temperature. 

3. A plot of the logarithm of the mole fraction of ammonium nitrate 
against the reciprocal of the absolute temperature of equilibrium shows that  
the solution deviates widely from Raoult's law, as would be expected from 
the character of the components. 

LAWRENCE. KANSAS RECEIVED AUGUST 22, 1932 
PUBLISHED FEBRUARY 9,1933 

(26) A further complication arises from the probable ionization of the ammonium nitrate, which, if 
complete, would result in a linear relationship between log (2N/(N + 1))2, instead of log N, and 1/T 
(Ref. 18, p. 165). But the deviation produced by this factor is very small at high coricentrations of 
solute-probably less, in this case, than the uncertainty of the heat of fusion-and has therefore been 
neglected in locating the ideal curve. 

(27) Certainly we should not be justified in concluding that acetic acid was present entirely as 
double molecules under these conditions. The danger in drawing such conclusions as to the molecular 
state of substances in solution from the deviation of the solutions from Raoult's law has been repeatedly 
emphasized by Hildebrand (see, for instance, Ref. 18, pp. 83-84). 
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, DUKE UNIVERSITY ] 

Solubility Studies. IV. The Solubilities of Certain Slightly 
Soluble Organic Compounds in Water1 

In  continuing a general program of research on the solubility in water 
and aqueous salt solutions of organic compounds in relation to their polar 
~ha rac t e r ,~  the solubilities of an additional number of slightly soluble 
organic compounds in water have been measured. Since solubilities for 
most of these compounds are not in the literature, the value for the solu- 
bilities we have found are published now. The theoretical significance of 
these and other experimental values will be considered in a later paper. 

Method.-The saturated solutions of the substances were prepared in 
thin-walled cylindrical flasks in a large water thermostat. The thermostat 
was kept a t  30 + 0.02'. The saturated solutions were analyzed by means 
of a Zeiss combination liquid and gas interferometer. The procedure has 
been previously described in detail.2a 

Materials 
Purification of Materials.-All of the organic chemicals were Eastman Kodak 

Company best grade with the exception of the cinnarnic acid, which was a sample pre- 
pared in this Laboratory by Mr. William Miller, Jr. Solids were further purified by 
repeated recrystallization from an appropriate solvent until the melting points from two 
successive recrystallizations were the same. Liquids were purified by fractional distilla- 
tion using for fractionations at  atmospheric pressure a 25-cm. all-glass Widmer still and 
a small all-glass still with a 105-cm. column of the type previously described.3 A Hick- 
Inan still, designed for a moderate vacuum with a barostat operated by a vacuum tube 
relay was used for distillations under reduced pressure. The thermometers used were a 
set of small two-tenth degree thermometers with a lifty degree range, calibrated by the 
Bureau of Standards; a set of fiftieth degree Goetze thermometers with a twelve degree 
range, calibrated by the Physikalische Technische Reichsanstalt; and for 1,3-dibromo- 
propane, an uncalibrated tenth degree thermometer of good quality. Melting points 
down to -10' were determined with a tenth degree thermometer calibrated by the 
Bureau of Standards. For lower temperatures a pentane-flied degree thermometer 
with a range of 0 to -200 ", calibrated by the Physikalische Technische Reichsanstalt 
was used. For distillations a t  atmospheric pressure the boiling points were corrected 
to 760 mm. by means of Craft's rule, whenever the value of dT/dp could not be found in 
the literature. Distilled water of good quality from the laboratory supply was used 
for the solubility determinations. 

Table I summarizes the boiling point and melting point data for the 
samples used for the solubility determinations. The pressures during the 
vacuum distillations were maintained by the barostat within *0.5 mm. of 
the values listed in column three. 

(1) Based upon a thesis submitted by Mary A. Gorman in partial fulfilment of the requirements 
for the M.A. degree at Duke University. 

(2) (a) Gross and Saylor, THIS JOURNAL, 53, 1744 (1931); (b) Gross, ibid., 51, 2362 (1929); 
(c)  Gross, 2. phys ik  Chem., B8, 215-220 (1929). 

(3) Gross and Wright, J. Ind. Eng Chcm., 18, 701 (1921). 



TABLE I 
DATA AND CONSTANTS FOR THE COMPOUNDS AND SOI~UBILITIES IN WATER AT 30 O 

Pres- 
R. p. range, sure. 

Substances OC. mm. 
Diethyl ketone 101 64-101.82 
I-Chloro-2-bromo- 

ethane 106.62-106 71 
1,3-Dichloropropane 120.5-120.6 
Ethyl adipate 129.0-129.4 13 
Fluorobenzene 84.55-84.63 
o-Nitroanisole 
o-Nitroaniline 
m-Nitroaniline 
1.3-Dibromopropane 166.64-166.86 
o-Nitrotoluene 9.4 
Cinnamic acid 
p-Nitroanisole 
m-Nitrotoluene 118.0 20 
9-Nitrotoluene 
s-Tetrabromethane 124.6-125.0 19 
lodobenzene 79 6-79.8 20 

Grams Moles Esti- 
Previously observed per 1000 per mated 

R;c~..' M. P., g of 1000 g. error, 
OC. Ref. water of water % 

Results 

The solubilities of all of the substances measured and the estimated 
percentage errors are also given in Table I. The error was estimated 
from the concordance of duplicate determinations. 

We have included ethyl adipate in the list of compounds measured, as a 
paper by Sobotka and Kahnlo has recently appeared describing a rapid and 
simple solubility method applicable to certain liquids in which the solubili- 
ties of ethyl adipate and similar compounds were given. Our value a t  30' 
of 4.26 g. per 1000 g. of water is in good agreement with the value found by 
the above authors which is 4.23 g. per 1000 cc. of water a t  20". Our results 
confirm the accuracy of their method. 

Values for the solubilities of four of the compounds we have measured 
are given in the literature as follows, the temperature in all cases being 
25' instead of 30". 

Cinnamic acid, 0.546 g. per 1000 g. of water," 1.3-dichloropropane, 2.73 g. per 1000 
g. of water,2b o-nitroaniline, 1.212 g. per 1000 g. of water, m-nitroaniline, 0.910 g. per 
1000 g. of water.12 

Allowing for the difference in the temperature of 5' our results are in 
(4) (a) Timmermans, Bull SOG. chim. Belg., 28, 392 (1919); (b) ibid., 26, 300 (1912); (c) ibid., 

27, 334 (1914); (d) ibid.. 36, 507 (1927); (e) ibid , 31, 389 (1922). 
(5) A sample previously purified by one of us. See Gross, Tnrs JOURNAL, 61, 2362 (19291. 
(6) "International Critical Tables." 
(7) Young, J. Chem Soc., 65, 490 (1889). Attempts to fractionate iodobenzene under reduced 

pressure in carbon dioxide a t  atmospheric pressure resulted in some decomposition. By using the 
Hickman still and pressure regulator under a carbon dioxide atmosphere this was eliminated. 

(8) Rechenberg, "Einfache und fractionierte Destillation in Theorie uud Praxis." Schimmel and 
Company, 1923, p. 239 

(9) Neubeck, 2. physik. Chem., 1, 649 (1887). 
(10) Sobotka and Kahn, Tars  ~ O U R N A L ,  63, 2935 (1931). 
(11) Meyer, 2. Electrochem., I T ,  978 (1911). 
(12) Collett and Johnson. J. Phys. Chcm., SO, 70-82 (1926). 
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good agreement with those for cinnamic acid and 1,3-dichloropropane. 
The discrepancy in the case of the nitroanilines is, however, larger than 
would be expected. 

Summary 
The solubilities in water of sixteen slightly soluble organic substances 

have been determined by means of an analytical method employing an 
interferometer. 

DURHAM, NORTH CAROLINA RECEIVED AUGUST 23, 1932 
PUBLISHED FEBRUARY 9, 1933 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY OF YALE UNIVERSITY] 

The Dissociation Constant of Acetic Acid from 0 to 60" 
Centigrade1 

BY HERBERT S. HARNED AND RUSSELL W. EHLERS 

In a recent comm~nication,~ we showed that it was possible to determine 
the dissociation constant of a weak acid with very high accuracy from 
electromotive force measurements of the cells 

Hz I HAc (ml) ,  NaAc (m2), NaCl (ma) I AgCI I Ag 
Values of the dissociation constants were determined from 0 to 35' in- 
clusive a t  5' intervals. More recently, we have obtained data from which 
this important constant may be obtained from 0 to 60' a t  5' intervals. 
This determination involves values of the normal potential of the silver- 
silver chloride electrode through this temperature range. The values of 
this quantity which we shall employ have been revised slightly by us 
between 0 and 35' and determined between 35 and 60°.3 

The method of calculation of K is described fully in our earlier contribu- 
tion and was adhered to in all its detail. The equation for the electro- 
motive force, E, of the cell is 

Eo is the normal potential of the cell, K,  the dissociation constant, and the 
"m's" and "7's" are the molalities and activity coefficients of the species 
denoted by subscripts. mwAC and were evaluated as previously 
described. As before, we let the right side of the equation equal -RT/F 
In Kt,  and then plot this quantity against p. At zero p, K t  equals K.  
The extrapolation is easily carried out accurately as indicated by Fig. 1 of 
the former investigation. The value of K a t  35' was redetermined and the 

(1) This contribution contains material which constituted a part of a Thesis presented to the 
Graduate School by Russell W. Ehlers in partial fulfilment of the requirements of the degree of Doctor 
of Philosophy, June, 1932. 

(2) Harned and Ehlers, THIS JOURNAL, 64, 1350 (1932). 
(3) The considerations and new data which have led to the review of the normal elctrode poten- 

tial, Eo, will he published in another contribution. 
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result agreed with the revised result of the earlier data. In Table I are 
given the electromotive forces of the cells. In the present instance ml, mz 
and me were all a t  the same concentration. In the second part of the table 
are the values of K' and of K determined by extrapolation. The values of 
Eo employed are given a t  the bottom of the table. 

TABLE I 
ELECTROMOTIVE FORCES OF THE CELLS: H2 I HAc ( m ~ ) ,  NaAe (m*), NaCl (m3) I AgCl 1 Ag 

rnl = mz = mr E3s Em E4s Eso Ess Em 

0.006313 0.64143 0.645ii 6.64887 6.65247 0.65623 0.65980 
,012869 .62267 .62594 ,62936 .63943 
.021015 ,60965 .61281 .61596 .61898 .62215 .62534 
.047973 .58775 ,59049 .59331 ,59594 .59873 .GO146 
.07613 .57553 .57802 .58067 .58316 .58569 .58821 
.lo031 .56837 .57083 .57316 .57561 .57799 .58039 
,008419 .63386 .63738 .64091 ,64447 .64796 .65149 
.010131 ,62895 .63239 .63939 .64279 .64624 
.011845 ,62474 .62815 .63155 .63493 .63829 .64165 
.014868 .61875 .62201 .62533 .62858 .63184 .63509 

VALUES OF K' AND EXTRAPOLATED VALUES OF THE DISSOCIATION CONSTANT K 
P = K' X 106 

mz + ms + m a  t = 35' 40' 45O 50 55" 60' 

0.01266 1.728 1.700 1.664 1.633 1.585 1.543 
.02577 1.714 1.693 1.659 1.536 
.04206 1.712 1.684 1.654 1.628 1.587 1.534 
.09598 1.709 1.686 1.654 1.630 1.585 1.543 
.I4229 1.706 1.686 1.653 1.625 1.582 1.542 
.20066 1.696 1.650 1.617 1.580 1.537 
,01687 1.722 1.696 1.666 1.631 1.590 1.544 
.02030 1.720 1.694 1.625 1.586 1.536 
.02372 1.723 1.694 1.664 1.631 1.590 1.544 
.02977 1.723 1.694 1.663 1.631 1.590 1.545 
Eo (obs.) 0.21563 0.21200 0.20821 0.20437 0.20035 0.19620 
K X lo5 1.729 1.701 1.668 1.633 1.590 1.542 

One further refinement has been carried out. By the method of least 
squares, we have computed Eo as a function of the temperat~re .~ Its value 
is given by the equation 
Ea = 0.22239 - 645.52 X 706 ( t  - 25) - 3.284 X 10-8 ( t  - 25)2 + 

9.948 X 10-O ( t  - 25)3 (2 )  

If we employ the values computed by this equation which are given in 
column two of Table 11, we obtain the values of K in the third column. 
These we regard as our final values. At 25' our result of 1.754 X 
checks very closely that of 1.753 X recently determined by MacInnes 
and Shedlovsky4 from conductance measurements. We have no accurate 
values with which to compare our results at  other temperatures. In Fig. 1 
we have plotted K against the temperature. All points except that a t  30' 

(4) MacInnes and Shedlovsky, THIS JOURNAL, 64, 1429 (1932). 



fall on the smooth curve to within * 2  in the third decimal place which 
corresponds to an error of *0.03 of a millivolt. I t  is apparent that K 
increases, reaches a maximum a t  about 23" and then decreases with in- 
creasing temperature. 

0 10 20 30 40 50 
Temperature, O C .  

Fig. 1 .-The dissociation constant of acetic acid as a function 
of the temperature. 

To determine the heat content of ionization of the acid, we employed 
the equation 

In K was plotted against l/T, and A H  was evaluated from the slope. 
A plot of these values of A H  against T revealed that A H  varied approxi- 
mately linearly with the temperature. This suggested that the problem 
could be treated in the usual way. A H  was taken to vary with the tem- 
perature according to 

A H  = a + bT + cT2 ( 5 )  
Upon substituting this value of A H  in equation (3) and performing the 
integration 

log K = - --- b 
T + d  2.30: RT + i? log + - 2.303 R (6) 

is obtained in which a, b, c and d are empirical constants. By substitutio~l 
of the known values of K and T in equation (6), thirteen equations were 
obtained from which the constants were evaluated by the method of least 
squares. The equation with the empirical constants was 
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Values of K computed by this equation are given in the fourth column of 
Table 11. The differences between the observed and calculated results are 
given in the fifth column. At the higher and lower temperatures the 
calculated values are slightly higher than the observed, while in the middle 
range of temperature they are somewhat lower. We have previously noted 
this behavior when dealing with a similar calculation and f ~ n c t i o n , ~  and 
found that another term, dT3, is necessary in equation (5) in order to repre- 
sent the results within the experimental error throughout the entire con- 
centration raoge. Ic the present treatment, we have not resorted to this 
refinement. On the whole the agreement is good. The mean deviation is 
=t 0.003, which corresponds to about 0.04 millivolt. 

The equation for the change in heat content of the dissociation of acetic 
acid derived from equation (7) is 

A H  = 6871.0 - 12.94361' - 0.0351611" (8) 

Values of A H  computed by this equation are given in the sixth column of 
Table 11. In column seven, AC*, the differences in specific heat of the ions 
and the undissociated molecule of acetic acid computed from the equation 

AC, = -12.9436 - 0.070322T (9) 
are compiled. 

TABLE I1 

DISSOCIATION CONSTANT AND HEAT OR IONIZATION OF ACETIC ACID 
K X 106 K X 1 0 6  

t ,  OC. Eo (obs.) (Equation 6) A AH ACP 

0 0.23632 1.657 1.667 +0.010 714 -32.15 
5 ,23391 1.700 1.702 + .002 552 -32.50 

10 ,23130 1.729 1.728 + 002 389 -32.85 
15 ,22851 1.745 1.745 ,000 223 -33.20 
20 ,22554 1.753 1.752 - ,001 57 -33.55 
25 ,22239 1.754 1 751 - .003 - 112 -33.91 
30 ,21908 1.750 1741 - .009  - 2 8 2  -34.26 
35 ,21561 1.728 1.724 - .004  - 4 5 5  -34.61 
40 ,21200 1.703 1.700 - .003 - 628 -34.96 
45 ,20825 1.670 1.669 - .001 - 804 -35.31 
50 ,20436 1.633 1.633 ,000 - 982 -35.66 
55 .20033 1.589 1.592 + . 0 0 3  -1161 -36.02 
60 .I9620 1.542 1.547 + 00.5 -1342 -36.37 

Summary 

1. Measurements of the cells 
Hp I HAc (ml),  NaAc (mz), NaCl (ma) I AgCI I Ag 

have been made from 35 to 60' at 5' intervals. 
2. By a method previously described by us, the dissociation constant of 

acetic acid has been computed from 35 to 60' at 5O intervals from these 
results. Our earlier results from 0 to 35O have been recomputed by the use 
of more recently determined values of the normal potential of the silver- 



silver chloride electrode. Final values of the dissociation constant of 
acetic acid from 0 to 60' at 5 O  intervals have been tabulated. Our value of 
1.754 X 10-5 agrees excellently with the value, 1.753 X determined 
from the conductance measurements by MacInnes and Shedlovsky. 

3. The dissociation constant is given by the equation 

1500'65 - 6.50923 log T - 0.0076792T2 18.67257 logK = - - 
T 

4. The heat of dissociation is given by the equation 
AH = 6871.0 - 12.9436T - 0.035?61T2 

NEW HAVEN, CONNECTICUT RECEIVED AUGUST 23, 1932 
PUBLISHED FEBRUARY 9, 1933 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

Types of Chemical Reactions 

A study of the interaction of nitrogen trichloride with nitric oxide and 
with nitrogen tetroxide has given results from which, in conjunction with 
other experimental evidence and with current electronic theories, it  is 
possible to define accurately, with a high degree of probability, the elec- 
tronic course of several types of reactions. 

The discussion which follows applies, primarily, to elements with atomic 
weights of 40 or below. For elements of higher atomic weights the outer 
shell of valence electrons seems to be less sharply defined. 

Three principles are used. (I) On account of their "spin" and for 
other reasons, the electrons of the valence shell of an atom are usually, not 
always, associated in pairs, octets or sextets. (2) Every atom must have 
the positive charge of its nucleus balanced by the electrons immediately 
associated with it, or it must be an ion or form part of a complex ion, which 
is held to or in the neighborhood of another ion of the opposite sign, by 
static attraction. (3) In balancing the positive charge of the nucleus of 
an atom the pair of electrons of a covalence is equivalent to a single un- 
shared electron. 

1. Formation of Ions 
A. Permanent ions, formed with an outer shell of electrons (usually 

an octet) for some atom, in such a manner that the positive charge of the 
kernel or nucleus is overbalanced or underbalanced by the electrons sur- 
rounding it: (a) by the gain or loss of one or more electrons, as for sodium, 
calcium, chlorine or sulfur; (b) by the addition of a positive hydrogen or 
methyl ion to ammonia or to a tertiary amine, a positive hydroxyl group 

CH, 
to a tertiary amine, CHI: N :- 0 . . : h or a positive methyl to dimethyl 

C H ~  



CH3+ . . 
sulfide, CHI : S : . In these cases the positive charge of the kernel of the 

CI33 
nitrogen or sulfur atom is underbalanced because the sum of the cova- 
lence~ and unshared electrons is less than the number of their valence 
electrons. (c) By the removal of a positive ion from a covalence, as 
wher, the removal of a hydrogen ion froni water gives an hydroxide ion, 
H : 0: , in which the oxygen atom causes the ion to be negative because 
i t  has one covalence and six ilnsha,red electrons. The nitrogen and oxygen 

CHa " +" -  

atoms of trimethylamine oxide, CH3 : N : 0 : , and the two oxygen and the 
CHs . . - 

: o :  .. ..+.. 
sulfur atom of dimethyl sulfate, CHa : 0 : S : 0 : CH8, are held by one cova- .. ..+ " 

:o:  ..- 
lence and one ionic valence because the positive charges of the kernels 
of the nitrogen and sulfur atoms are underbalanced as they are in the 
ammonium and sulfonium ions, and because the positive charges of the 
kernels of the oxygen atoms are overbalanced as they are in the hydroxide 
ion. 

Hydrogen ions are unique because they have no electrons. In  general, 
hydrogen ions held by covalences ionize slightly, and since i t  is probable 
that hydrogen ions may be held by static attraction to atoms or molecules 
having complete octets i t  is often difficult to determine whether the atom 
is held in this manner or by a covalence. Physical methods are most suit- 
able for an answer to this question. 

For these reasons reactions in which hydrogen ions are involved have an 
intermediate position between the ordinary ionic reactions and covalence 
reactions. The hydrogen ionization of water, of ammonia, of ethyl alco- 
hol, of hypochlorous acid and of hydrogen atoms held by a covalence to 
carbon, is trifling, but it has been demonstrated by conductivity measure- 
ments in the first four cases. The ionization of hydrogen attached to 
carbon is important for an understanding of nitration and sulfonation re- 
actions, the tautomerism of actoacetic ester and similar compounds, the 
Perkin, Kolbe and other condensation reactions involving the ionization 
of hydrogen atoms which are alpha to a carbon atom combined with oxy- 
gen, and many molecular rearrangements. 

Some chemists have assumed negative hydrogen 'ions. It is doubtful 
if these ever occur in organic reactions. 
B. Six-electron-ephemeral ions are formed by the separation of two 

atoms held by a covalence in such a manner as to form a negative ion with 
a complete octet of electrons and a positive ion with only six electrons in the 
outer shell of the other atom. This is illustrated by the following equations 



..+ 
H : 0 : C1: + Hp6 : CH% = H2C : CHz . . . .  . . 

H:O:CI . . . .  
In this case both the hypochlorous acid and the ethylene form six-electron 
ions. 

This is the first step in the formation of chloric acid from hypochlorous 
acid. 

Because of the ephemeral character of positive, six-electron ions the 
evidence for their existence is indirect and similar to the evidence for 
organic radicals long used so successfully by organic chemists. In addition 
to  the list given, they furnish a very simple explanation of nitration and 
sulfonation (the first step may be an addition), of the transfer and inter- 
change of positive chlorine and hydrogen between nitrogen and carbon, of 
the interchange of methyl or phenyl groups and hydroxyl in other rear- 
rangements, and of many intramolecular shifts of atomic attachments. 

Because the evidence is indirect, we cannot expect complete agreement in 
the explanations given by different chemists. The situation is quite like 
that of tautornerism thirty to fifty years ago. We should be very careful 
to avoid dogmatism and should look diligently for experimental evidence 
for one view or another. 

2. Ionic Reactions 

A. Permanent Ions with Full Octets.-These are reversible and so 
rapid that the speed can rarely be measured. Three causes may make 
them nearly complete and may often reverse their direction: (a) forma- 
tion of an insoluble or difficultly soluble product; (b) formation of a vola- 
tile product or of a compound which dissociates, giving a volatile product; 
(c) formation of a product which ionizes slightly, such as water, or which 
rearranges to a compound which ionizes slightly. Organic indicators 
belong to this class. 

B. Covalence Reactions; Six-Electron Ions.-Such reactions are, 
superficially considered, very similar to the reactions of permanent ions, 
but there are important differences. One a t  least of the compounds re- 
acting must be held together by a covalence; the number of six-electron 
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ions is always very small and the speed of the reaction is frequently of such 
a rate that it can be measured; the covalence compounds formed may sepa- 
rate less readily than the original compounds and the reaction may be 
practically irreversible; covalence compounds may separate a t  different 
points and in dzerent ways, causing different reactions to proceed a t  the 
same time-this is particularly true of organic compounds. Covalence 
compounds may also dissociate to electrically neutral parts with odd elec- 
trons and these free radicals (see below) may react in a different manner. 
Very often one of the reacting compounds and one of the products consist 
of permanent ions, as when methyl iodide reacts with silver nitrate. The 
same factors which cause reactions of permanent ions to become nearly 
complete are often important in covalent reactions. 

The oxidation of aldehydes and ketones, recently discussed by Haber 
and Willstatterl and previously by Wieland, is probably of the covalence 

type . . 
- . . O  . . ?: - : : o  . . 

R:C " + + O : 0 : (intermediate form of oxygen) = R : C .. .. 
a :O:O:H .. .. 

In the last reaction positive hydroxyl and positive hydrogen exchange 
places. Wieland has shown that acid peroxides are formed in some of 
these reactions. 

3. Dissociation and Reactions of Free Radicals 

The term "electrolytic dissociation" was originally used for ionization. 
It helps to clearer thinking if we use the word dissociation to designate 
separations which give electrically neutral atoms or molecules, and ioniza- 
tion to designate all cases where the positive charge of the kernel or nucleus 
of some atom is not balanced by the electrons immediately associated with 
it. Such ions, or the groups which contain them, may separate from the 
ions of opposite sign in solutions, or may be held to them by static attrac- 
tion while retaining their ionic character as sodium and chlorine are held 
together in crystals and probably in the gaseous state, as the ammonium 

co 
and carboxyl ions are held together in aminolauronic acid, ccB14' b-, 

\NH~+ 
and as atoms are held together in the semipolar unions of sulfuric acid and 
other compounds. 

Dissociation is usually caused by heat, photochemical action or elec- 
trolysis. Typical examples are the dissociation of chlorine molecules to 
two chlorine atoms with seven electrons each; and the removal of an elec- 

(1) Haber aud Willstatter, Ber., 64, 2849 (1931). 
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tron from the acetate ion in the electrolysis of sodium acetate. This is 
followed by the formation of a covalence between the oxygen atom which 
has lost the electron and the carbon of the carboxyl group, the other elec- 
tron being taken from the covalence with the methyl. Carbon dioxide then 
separates in an electrically neutral state and the methyl, which is also 
electrically neutral, with its odd electron, immediately unites with another 
methyl radical to form ethane. Paneth and Rice have shown that similar 
free radicals may be formed by thermal dissociation and that such radicals 
are extremely reactive. Triphenylmethyl and similar compounds and 
the free radicals of nitrogen discovered by Wieland are more stable. 
Nitric oxide, an electrically neutral molecule with an odd electron takes 
an electrically neutral chlorine atom from nitrogen trichloride. The 
nitrogen dichloride unites with another mole of nitric oxide to form di- 
chl~ro~ni t rogen oxide. At --?5C0 a third mole of nitric oxide takes an 
electrically neutral atom of chlorine from this compound. 

Two atoms of sodium give their odd electrons to electrically neutral 
chlorine atoms, forming sodium chloride 

2 N a . + : ~ l : ~ l :  .. .. = 2 ~ :  + 2:&T . . 
In  a similar manner two atoms of sodium give their electrons to a mole- 

cule of oxygen, forming sodium peroxide 

The reaction of sulfite ions with cupric ions giving cuprous ions and di- 
thionate ions, recently discussed by Haber and Will~tatter ,~ is probably 
of this type 

2(Ctlt+.S0?) = 2Cuf + (0sS:SOs)- 

An electron is transferred from each sulfur atom to a cupric ion, reducing it 
to a cuprous ion. Then the sulfur atoms with odd electrons unite. 

The decomposition of nitrogen trichloride and of acetylene and the 
chain reactions between hydrogen and chlorine and between hydrogen and 
oxygen, are almost certainly of this, class. When such reactions are 
strongly exothermic they will be explosive. 

The catalytic hydrogenation reactions are very probably due to hydrogen 
atoms with odd electrons. 

I wish to express my thanks to a number of my friends, who have kindly 
read this paper and whose criticisms have been very helpful. 

Summary 

Reactions are classified, in accordance with their electronic character, 
under three heads: (1) formation of ions; A, with complete octets; B, 
from covalences, one with eight electrons, one with six; (2) ionic reactions; 

( 2 )  Haber and Willstatter. Ber.. 64, 2844 (1931). 
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A, ions with complete octets; B, ions formed from covalences; (3) dis- 
sociation and reactions of electrically neutral atoms and molecules. 

The following principles, which the space allowed does not permit me 
to discuss, give a satisfactory explanation of the inorganic complexes: 
4. Atoms may form covalence groups with a larger number of cova- 
lence~ than the number of valence electrons of the central atom. 5.  A 
valence electron may be transferred, either to form a negative ion which 
enters the complex or one that is exterior to the complex. 6. If the 
"donor" (Sidgwick) is an electrically neutral molecule (ammonia or 
water), it becomes a positive ion in the complex; if it is a negative ion 
(Cl-, NOz-), it becomes electrically neutral in the complex. 7. The "ac- 
ceptor," in every case, develops a negative charge for each covalence, 
which may be balanced by the positive charge of the "kernel" (Lewis), 
by the positive ions of the complex or by positive ions exterior to the 
complex. 

URBANA, ILLINOIS RECEIVED AUGUST 24,1932 
PUBLISHED FEBRUARY 9,1933 

The Linear Thermal Expansion of a Single Crystal of Sodium 
Nitrate 

The results of a recent series of studies of the physical properties of 
sodium nitrate conducted by Kracekl and his colleagues2 have firmly 
established the existence of a gradual transition in the crystalline salt 
between 150 and 280°. The transition appears to be practically completed 
at 275' but abnormal changes in the heat capacity and volume are dis- 
tributed over an extended temperature interval below this critical point. 

The basis for a satisfactory explanation of the phenomenon seems to have 
been found in the theoretical treatment by Pauling3 of the problem of the 
diatomic homopolar molecule free to rotate in an axially symmetrical field 
of force. His analysis together with the available x-ray evidence2 makes 
it seem almost certain that during the transition interval the rotational 
degree of freedom of the nitrate ion about an axis normal to the plane of the 
group becomes excited. At the critical temperature this degree of freedom 
is fully excited and the nitrate ion begins to rotate about the trigonal axis 
of the crystal unit. The transition corresponds, therefore, to a change 
from oscillational to rotational motion for the nitrate ion. 

One of the properties studied in detail by Kracek was the volume ex- 
(1) Kracek, THIS JOURNAL, 63, 2609 (1931). 
(2) Kracek, Posnjak and Hendricks, ibid., 63, 3339 (1931). 
(3) Pauling, Phys Rm., 36, 430 (1930). 
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pansion of the salt. While his results serve admirably to demonstrate the 
existence of the transition they do not elucidate the very interesting 
question of the anisotropic expansion in various directions in the crystal. 
Such information is of considerable value in analyzing the nature of the 
changes which take place during the transition, and since a knowledge of 
the mechanism of these changes is of great importance in the theory of the 
solid state, we have undertaken a series of measurements of the expansion 
in several directions of known orientation in the crystal. 

Material.-The sodium nitrate used in the experiments was recrystallized three 
times starting with the best material commercially available. I t  crystallizes easily so 
that single crystals of considerable size can be readily secured. A number of crystals 
were prepared and the clearest and most perfect ones were selected for use. 

Apparatus.-The Pulfrich-Fizeau interference method as modified by the U. S. 
. Biireaii of Standards was employe6 in rnsking the measurcnicr;ts. The pri~ciples cf, 

and apparatus for, this method are described 
in the publications of the Buream4 The only 
departure from the equipment therein specifid 
was in the design of the furnace which is showti 
in Fig. 1. A porcelain tube, F, wound with a 
helical nichrome coil, K, is mounted vertically 
in a sheet iron jacket and is surrounded with 
Sil-0-Cel. A smaller tube, E, supports the 
porcelain cup, C, which contains the inter- 
ferometer plates, S. A small bore porcelain tube 
holding the platinum-platinrhodium thermo- 
couple passes through the bottom of the cup. C, 
the junction being so adjusted that it nearly 
touches the lower interferometer plate. The 
upper end of the furnace is closed by another 
porcelain tube containing the fused silica win- 
dows Wl and Wz; W3 is a glass window. 

The viewing apparatus is shown a t  P. The 
helium line a t  5875.6 8. was used as a mono- 
chromatic source of illumination. With this 
light a change in length of 1 3  X cm. 
could be easily detected. 

The thermocouple was checked in position 
Fig. l.-Apparatusformeasuringlinear in the furnace on the melting points of tin, 

thermal expansion. aluminum and silver, and on the a-8 inversion 
of quartz; it was also checked against a care- 

fully calibrated refraction thermometer of fused silica. Temperatures were read on a 
Leeds and Northrup wall-type potentiometer which had been checked a t  the Bureau of 
Standards and are probably good to * 1 O or better. 

With this apparatus it is necessary to have three small specimens very nearly the 
same height. Preliminary experiments showed that the results obtained with a set of 
three small pyramids cut from one large crystal were more satisfactory than those ob- 
tained with specimens cut from three small crystals; hence for the final measurements a 
small slab was cut from a large crystal so that the normal to the surface of the slab co- 

(4) Peters and Cragoe, Bur. Slandavds Sci. Papers (No. 393), 16, 449 (1920); Peters and Boyd, 
ibid. ,  (No. 436), 11,677 (1922); Merritt, ibid., (No. 485) 19,357 (1924). 
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incided with the direction in the crystal along which the expansion was to be determined. 
Three small pyramids were then cut from this slab. Although this method of prepara- 
tion does not orient the specimens with great accuracy it proved to be quite satisfactory 
for the present purpose. 

Results 

'The expansion was measured in three different directions: parallel to the 
(I, axis, parallel to the c axis and perpendicular to the rhombohedra1 faces 
(10i1) and (i01'I). For the first two directions two sets of specimens 
were examined; for the last direction hut one was used. 

The results obtained are given in Table I in the form of the increase in 
length per unit length and the true linear expansion coefficient; these 
values were taken from a smoothed curve drawn through the experimental 
points for all the determinations in a given direction. This procedure 
was rendered advisable by the fact that the curves for any single determina- 
tion showed curious undulations, apparently connected with the efflorescence 
of the salt on heating, which were not reproducible and could be largely 
balanced out by combining the data for two runs. The curves themselves 
and the experimental points are shown in Fig. 2. 

TABLE I 
LINEAR EXPANSION OF SINGLE-CRYSTAL SODIUM NITRATE 

Increase in length per unit 
length (AZ/lo) in mm /ni. True linear expansion coeff. a 108 at t o  

I, OC. ( I (  a axis) ( 1 1 O i l  face) (1 c axis ( 1 1  a axis) ( l l 0 i l  face) ((1 c axis) 

18 0 .0  0 . 0  0 .0  . . ... ... 
50 .35 2 . 5  2 .8  11.0 74 120 
75 .62 4 . 4  5.7 11.6 76 122 

100 .93 6 . 3  8 .9  12.0 78 132 
125 1.22 8 . 3  12.3 11.4 80 138 
150 1.50 10.3 15.8 11.0 82 142 
175 1.77 12.4 19.4 10.6 84 152 
200 2.03 14.5 23.4 10.5 106 184 
225 2.30 17.7 28.6 10.4 148 234 
250 2.55 22.4 35.1 10.0 210 368 
260 2.65 24.7 38.6 10.0 235 445 
270 2.75 27.3 44.0 10.0 320 600 
295 2.80 29.0 47.0 10.0 540 660 

The variation of the expansion coefficients with temperature is shown 
in Fig. 3a. 

Aside from the slight irregularities mentioned the results were, with one 
exception, strictly reproducible, not only on heating and cooling but also 
from sample to sample. Such variations as do appear are well within the 
possible error arising from the uncertainty of the orientation and the 
measurement of the expansion. 

The one exception is the contraction of the crystal above the critical 
temperature in the direction of the a axis, which was not reproducible even 
for the same sample on heating and cooling. 
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Unfortunately the set of specimens for the direction perpendicular to 
the 1071 face suffered some irregular behavior in passing through the 
critical point at  275' and the fringes were lost, hence no measurements 
above this temperature are available for this direction. 

Temperature, "C. 
Fig. 2.-Linear expansion of single-crystal sodium nitrate in various 

directions in the crystal. 0, first set of specimens; 4, second set of speci- 
mens; e, points obtained on cooling. 

Discussion 

The most striking feature of the data presented is the very large differ- 
ence in expansion in the directions of the crystallographic axes. In the 
direction of the a axis the total expansion a t  275' is only 0.3%, while 
perpendicular to this direction (parallel to c axis) it is 5% or 17 times as 
great. Anisotropy of this magnitude is extremely unusual, at  least among 
the substances thus far described in the literature, and is to be accounted 
for by the abnormal increase in length along the c axis during the transition. 
It will be interesting to see whether, when other substances having the 
same type of transition are discovered, they will possess a similar behavior. 

It is important to note that the effect of the transition along the a axis 
is extremely slight, if indeed it exists a t  all, since the expansion coefficient 
actually decreases slightly in the transition range. This fact together 
with the abnormal increase in length along the c axis leads to some im- 
portant conclusions regarding the mechanism of the change. 

In order to picture the relative motions of the various parts of the lattice 
i t  is necessary to have the structure of the lattice clearly defined. It 
appears to be well established that a number of nitrates, including sodium 
nitrate, owe their strong double refraction to the arrangement of the 



be made along the lines of Paul- 
ing's theoretical treatment. As 
the temperature is increased the 
energy level, n, of the nitrate ion 
will also change. When .n + 1 

nitrate groups in parallel planes. It also appears that the metal ions lie 
in planes parallel to, and alternating with, the planes of the NOs group. 

If the interpretation of the x-ray data by Kracek, Posnjak and Hendricks 
is correct the abnormal exparlsion between 150 and 2S0° is indicative of an 
increasing amplitude of oscillation of the ions in the plane of the group 
and perpendicular to this plane, that is, the oscillation is about the trigonal 
axis of the crystal unit. It is also probable that actual rotation is present 
for a small number of ions during 
the transition interval, the pro- 
portion of such ions increasing 
with temperature. 

Applying these concepts to the 
expansion data one is led to con- 400 

elude that the increasing ampli- 
tude of oscillation results in a 6 
marked separation of the planes x 
of the nitrate ions and metal ions 2 300- 

without any abnormal increase in 
the dimensions in the plane of the f 
group. In other words the inter- 
molecular forces which are af- .$zoo 
fected are those acting between 2 
the alternate layers of nitrate and w 
metal ions whereas the forces act- 
ing in those planes remain sub- 100 

stantially unchanged. 
A more exact description can 

becomes greater than a certain crystals. 
critical value, which depends 
upon the moment of inertia and the constant of the potential function (VO),  
the motion becomes rotational. As n approaches the transition value the 
eigenfunctions change completely in nature, becoming more nearly constant 
This change increases the repulsive forces between alternate layers of ni- 
trate ions and possibly between the layers of nitrate and metal ions resulting 
in a tendency to spread the crystal lattice as soon as an appreciable number 
of molecules have begun to rotate. But spreading the lattice decreases the 
forces between the layers and decreases VO. This permits more molecules 
to rotate and the effect builds up to give increasingly greater expansion 
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Fig. 3a.-True linear evpansion coefficient of 
sodium nitrate in various directions in the 



perpendicular to the planes of the NO3 ions. When all the nitrate groups 
are rotating the effect is no longer observed. 

So far rotation about an axis normal to the plane of the NO3 group has 
been considered The ion has two other rotational degrees of freedom 
about axes in the plane of the group but these are apparently degenerate, 
as pointed out by Kracek, Posnjak and Hendricks, and hence will not be 
considered. 

Attention should also be called to the irreversible contraction observed 
in the direction of the a axis when the critical point is passed. This effect 

may be due to an actual contraction 
500 of the specimen but it is also possible 

that in this region the crystal becomes 
so soft that it can no longer support 
the weight of the upper piate of the 

409 interferometer. While no definite 
choice can be made at  present be- 

.o- 

2 tween these explanations, the fact 
X that the contraction was not repro- 
u 300 
t! ducible with diierent specimens ren- .- 
4 ders the latter hypothesis slightly 

8 more acceptable. 
The abnormal increase in length 

*a 200 along the c axis also leads to an ap- 
8 
2 preciable decrease in a!, that is, the 
w angle between the axes of the true 

structural unit6 as Kracek, Posnjak 
100 and Hendricks have already noted. 

Specifically they found that a de- 
creased from 47'14' a t  25' to 45'35' 
a t  280'. If we assume for 25' the 

0 axial ratio a:c = 1: 0.8297 which corre- 
O 0.2 0'4 0'6 sponds to a = 47'14', values of the Cos2 0. 

Fig. 3b.-True expansion coefficient a axial ratio and of a! for 280° can also 
plotted as a function of cos2 O. be obtained from the expansion data. 

The axial ratio so computed is 0.8662, 
corresponding to an angle of 45'34: which is only one minute smaller 
than the angle calculated from the x-ray data. This agreement is most 
satisfactory. 

As mentioned above the data for successive runs on the same set of 
samples and measurements on different sets gave results which showed that 
the effects observed were unquestionably reproducible. It can further be 
shown *at the data for the three directions measured are consistent within 
themselves. The simplest manner of comparing the data for this purpose 

(5) Cf. Wyckoff, Phys. Rsv., 16, 149 (1920). 



is by means of the cosine-square law which states that in a crystal having 
hexagonal symmetry the expansion coefficient is a linear function of the 
square of the cosine of the angle between the direction of measurement and 
the principal axis of the crystal. 

The expansion coefficients a t  a number of temperatures for the three 
directions studied are plotted against cos2 0 in Fig. 3b. In plotting these 
curves no correction has been made for the change in the angle 6 with 
temperature but for the set of measurements in the direction perpendicular 
to the rhombohedral faces i t  has been assumed to be 43"46', the value a t  
25", throughout. The neglect of this change is justified by the fact that i t  
is quite small and introduces an uncertainty less than that in the orienta- 
tions of the specimens along the a and c axes. It is obvious, however, from 
the figure that the results are consistent among themselves within the limit 
of experimental error. 

200 ,220 240 260 280 300 
Temperature, OC. 

Fig. 4.-Volume expansion coefficient of sodium nitrate: 0. 
Kracek direct determination; a, Austin and Pierce, calculated 
from linear expansion coefficients along the crystallographic axes. 

I t  is also possible to calculate the volume expansion of the crystal from 
the expansions along the directions of the crystallographic axes. Thus the 
coefficient of cubical expansion /3 is equal to C Y ~  $ 2a1 where cu3 and al are 
the linear coefficients in the c direction and a directions, respectively. The 
values of /3 so calculated are shown by the dotted line in Fig. 4 where they 
are compared with the direct determinations of Kracek (solid line). The 
agreement is satisfactory considering the uncertainties inherent in each 
curve. 

It may be worth mentioning in conclusion that our measurements of the 
temperature a t  which the transition is completed appeared to be nearer 
278' than 275.5' as reported by Kracek. The difference is not serious and 
may arise from the fact that our temperature measurements were not so 
precise as his or may possibly be due to different definitions of the comple- 
tion of the change. 



Summary 
It has been shown by means of linear expansion measurements in different 

directions in single crystals of sodium nitrate that the gradual transition 
occurring between 150 and 278' is most marked in the direction of the c 
axis and was not detected along the a axis. This is interpreted as indicating 
a separation of the layers of nitrate ions resulting from the change in the 
eigenfunctions caused by the rotation of the ion. The angle a is calcu- 
lated to be 45'34' a t  280' as compared with a = 45'35' obtained from 
the x-ray data by Kracek, Posnjak and Hendricks. 

KEARNY, NEW JERSEY RECEIVED AUGUST 24, 1932 
PUBLISHED FEBRUARY 9, 1933 

[COXTKEUTION FROM THE PUYSICO-CHEMICP-L INSTITVTE OF T9E UNIVERSITY GF 
ROSTOCK] 

Anomalous Electrolytes. I. The Electrical Conductivity of 
Solutions of Iodine and Cyanogen Iodide in Pyridinel 

It has often been shown that substances which are usually designated as 
non-electrolytes, with reference to water as solvent, may in suitable media 
exhibit salt-like properties and yield conducting solutions. This anoma- 
lous behavior has been ascribed either to (1) a transformation of a pseudo- 
salt into a true salt, or (2) to reaction of the solute with the solvent with the 
resultant formation of solvated compounds of greater or lesser stability 
which conduct the electric current. Thus nitro compounds have been 
found to yield conducting solutions in ammonia3 and in hydrazine,4 whereas 
iodine and the cyanogen halides have been found to act as electrolytes in 
such solvents as liquid sulfur dioxide, arsenious chloride and sulfuryl 
ch l~r ide .~  

In the first paper of this series the results of a preliminary investigation 
concerning the nature of solutions of iodine and cyanogen iodide in pyri- 
dine, as revealed by a study of their electrical conductivity, are presented. 

Experimental 
Materials.-The solvent, Pyridin purissimum Kahlbaum, was dried over solid 

potassium hydroxide and then distilled repeatedly from a solution of cadmium per- 

(1) I t  is with pleasure that the authors acknowledge their indebtedness to  Professor Paul Walden 
for his interest and encouragement and for his kindness in placing at  their disposal the facilities of the 
laboratory. 

(2) University of Illinois, Urbana, Illinois. National Research Council Fellow at the University of 
Rostock, 1931-1932. The aid of a fellowship grant from the National Research Council, Washington, 
D. C., is gratefully acknowledged. 

(3) Franklin and Kraus, Am. Chern. J., 23, 279 (1900); 27, 191 (1905); Franklin, Z. physik. 
Chem., 69, 272 (1909). 

(4) Hilgert, Thesis, Rostock, 1932. 
(5) Walden, Z physik. Chem., 43, 385, 409, 423, 445 (1903). 
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chlorate in an atmosphere free from carbon dioxide and water vapor. The first and 
final fractions were always rejected. This procedure sufficed to give a highly purified 
arid anhydrous pyridine whose specific conductivity varied from K ~ S O  = 2.0 to 7.0 X 
lo-*. 

Iodine was purified by sublimation from a mixture of pure and dry sodiuni iodide 
and iodine. Cyanogen iodide was also purified by sublimation. 

Apparatus.---For details of the apparatus employed in carrying out the conduc- 
tivity measurements reference is made to the original  article^.^ All measurements were 
carried out a t  25O. The conductivity cell which had been employed previously in a 
study of the conductivity of salts in pyridine'was used in the present investigation. The 
cell constant, KO = 0.0824, was found to have remained unchanged as indicated by a 
recheck against standard potassium chloride solutions and by comparison with other 
cells. 

(a) Iodine in Pyridine.-Iodine dissolves in pyridine to give a brown 
solution. Addition of water to such a solution, either immediately or 
after the solution has stood for some time, results in the precipitation of a 
rather unstable complex compound possessing the formula, CbHbN.12.8 

Since iodine solutions in pyridine are brown, pyridine has been designated 
as an "active" solvent and one in which "the reactivity (of iodine) is 
increased by virtue of its coordinative linkage."g Thus, iodine in pyridine 
reacts with silver saccharide to precipitate silver iodide, a reaction which 
does not take place, or only very slowly, in solvents in which iodine dis- 
solves to give a violet so l~ t ion .~  

Both freshly prepared solutions and those which have aged are decolor- 
ized by shaking with mercury. 

An investigation of such solutions with respect to their electrical con- 
ductivity1° revealed the fact that these undergo rapid change with time. 
The conductivity increases rapidly during the fist  hour and then very 
slowly over a time interval of 100-150 hours. To follow this change more 
carefully, accurately weighed amounts of iodine were dissolved in pyridine 
and the change in conductivity with respect to time investigated. Several 
typical runs are noted in Table I. The concentrations in moles per liter, C, 
and the dilutions in liters per mole, V, are noted. K represents the specific 
conductivity, X the molecular conductivity calculated on the basis of 
iodine dissolved as 12 .  All values were corrected for the specific conduc- 
tivity of the solvent, K ~ , ~ " . ,  which was measured each time before the 
addition of the iodine. The time in hours is noted. 

It is clearly evident from the data in Table I that the character of iodine 
solutions in pyridine changes profoundly on standing. This fact had 
already been surmised by Ley and Engelhardt,ll also by Getman,12 who 

(6) Walden, Ulich and Birr, Z physik Chem , 131, 1 (1927); Ulich, ibid., 116, 377 (1925). 
(7) Walden. Audrieth and Birr, rbrd , [A] 160, 337 (1032). 
(8) Waentig, $bid , 68, 513 (1910). 
(9) Feigl and Bondi, Monatsh., 49, 417 (1928); 63/54, 508 (1929). 
(10) Mathews [J  Phys Chem., 9, 650 (1905)l reports the specific conductivity of a saturated solu- 

tion of iodine in pyridine to be h. = 1 14 X 10-8. 
(11) Ley and Engelhardt, 2. physzk Chem , 74, 55 (1910). 
(12) Getman, THIS JOURNAI., 50, 2883 (1028). 
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CHANGE IN CONDUCTIVITY OF SOLUTIONS OF IODINE IN PYRIDINE WITH TIME, t = 25" 
(1) C = 0.0032, V - 311, (2) C = 0.00648, V = 154.4, 

n.,l,. .. 6.9 X 10-8 nsolv. = 3.34 X 10-8 
Time K X 10-6 X Time K X 10-5 X 

0.08 2.453 7.66 0.16 3 .58  5.33 
.25 4.801 14.98 .33 19.83 30.63 
.58 11.3 35.34 .66 20.4 31.5 
.83 11.53 35.97 1.00 20.62 31.85 

4.42 11.95 37.32 1.33 20.75 32.04 
6.00 12.16 37.96 18.33 22.18 34.26 

22.00 12.65 39.52 22.00 22.38 34.55 
29.76 12.72 39.71 26.75 22.52 34.75 
46.9 12.80 39.98 118.0 22.89 35.35 

observed a difference in the absorption spectrum of freshly prepared and 
older solutions of iodine in pyridine. 

Since the X-values obtained were extraordinarily high it .was deemed 
advisable to carry out several series of measurements a t  higher dilutions in 
order to determine the character of the conductivity curve. The following 
method was employed. 

Stock solutions of iodine in 100 cc. of pyridine were prepared and then 
kept in a thermostat at  25' for one hundred hours to permit the reaction to 
come to equilibrium. Fifty cc. of pyridine was then pipetted into the 
conductivity cell and the specific conductivity of the solvent determined. 
The various concentrations were then prepared by the addition of definite 
volumes of stock iodine solution to the solution in the cell. The results of 
three such series of measurements are presented in Table I1 in which the 
molar conductivities, X, and the concentrations, C, are noted. 

At high dilutions a constant conductivity value was quickly attained, 
but a t  higher concentrations the solutions revealed a gradual increase to- 
ward a constant maximum value. Above dilutions of 5000 liters excellent 
agreement between the various series of runs was obtained, but with in- 
creasing concentrations the final values often showed considerable diver- 
gence. The more dilute the original stock solution, the more rapidly were 
the equilibrium values approached. 
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By plotting the experimentally determined A,-values against the square 
root of the concentration and extrapolating to infinite dilution (which is 
permissible since values above 5000 liters lie on a straight line), the sur- 
prising value of approximately 130-2 is obtained. This value for the 
limiting conductivity is about twice as great as might be expected on the 
basis of a simple dissociation of the iodine molecule into a positive and a 
negative ion. Such a value might have appeared logical had chemical 
interaction between solvent and solute resulted in the formation of two 
molecules of pyridonium iodide, CaHoN.HI. from one molecule of iodine. 
However, pyridine solutions of iodine, even after standing for a month, 
still precipitate the insoluble complex, c~HsN.12, on the addition of water, 
and are still largely decolorized by shaking with mercury. Such a reaction 
can, therefore, not be considered as an explanation for the observed phe- 
nomena. 

There is only one other possibility and this involves the formation of a 
ternary electrolyte. In order to explain the experimental findings the 
following equilibrium must be set up: 

Equation (I) explains satisfactorily (I), the transformation of the pyridine- 
iodine complex, a non-electrolyte, into a true salt, iodipyridonium iodide13 
(A to B) ; (Z ) ,  the extremely labile character of the equilibrium in that the 
addition of water, and of mercury, drives the reaction to the left with the 
removal of iodine; (3), the extremely high value for the limiting conduc- 
tivity, X,, which can only be explained by the formation of a ternary 
electrolyte (C) ; (4), the displacement of the equilibrium to the right with 
decreasing concentration of iodine. Since electrophoresis of such iodine-- 
pyridine solutions (0.02-0.03 M )  results in the migration of the colored ion 
to the anode, i t  is very probable that the transformation of the pseudo-salt 
involves the intermediate formation of polyiodides, that is, the reaction is 
a stepwise process as indicated by Equation (2). It is therefore highly 
probable that solutions of iodine in pyridine contain in equilibrium with 
one another the various forms A, B, C and D. Dilution shifts this equi- 
librium to the right with formation of the ternary electrolyte (C), whereas 
the forms A, B and D predominate in more concentrated solutions. 

(b) Cyanogen Iodide in Pyridine.-Clark and Streight14 have already 
(13) In a publication entitled " ~ b e r  eine neue KFasse von Verbindungen des positiv einwertigeu 

Jods" (Verlag Hirzel, Leipzig, 1932), which has just come to the attention of the authors, Carlsohn de- 
zcribes the preparation and properties of a whole series of salts of the two hypotheticl bases, I(Py)OH 
and I(Py)OH. Our theory that the rapid change in conductivity of solutions of iodine and cyanogen 
iodide in pyridine is due to the formation of quaternary iodipyridonium salts is further substantiated 
by these findings of Carlsohn. 

(14) Clark and Streight, Trans. Roy. Soc. Canada, [3] 22, 323 (1928). 



shown that solutions of cyanogen iodide in pyridine conduct the electric 
current. Electrolyses of 0.1 M solutions result in the discharge of cathodic 
iodine. They ascribe the conductivity of the cyanogen halides to the 
formation of quaternary pyridonium salts.14 

An investigation of solutions of cyanogen iodide in pyridine with respect 
to  their electrical conductivity revealed the fact that these too, like the 
iodine-pyridine solutions, suffered an increase in conductivity on standing. 
Dilute solutions of cyanogen iodide are a t  first colorless, but become on 
standing successively yellow, orange, red-brown and finally deep red- 
brown. The results of three series of measurements, in which the change 
in conductivity was observed, are given in Table 111. 

TABLE I11 

CHANGE IN CONDUCTIVITY OF SOLUTIONS OF CYANOGEN IODIDE IN PYRIDINE WITH 

TIME, t = 25 
(3) C = 0.00538 (4) C = 0.00352 (5) C = 0.00626 

Time (hrs.) K X 10-6 Time K X 10-5 Time r X 10-5 

0.33 0.143 1.00 0.4637 1.58 0.710 
.58 .247 1.83 1.109 2.40 1.176 

1.00 ,456 17.33 7.308 5.00 3.351 
3.08 2.212 23.25 7.785 6.83 4.556 
4.13 3.72 26.12 7.925 8.00 5.031 
5.70 5.67 42.12 8.561 10.66 5.668 
7.83 6.245 23.80 7.626 

23.83 8.411 29.42 8.186 
32.00 8.897 47.00 9.48 
50.08 9.74 54.43 9.90 
98.83 10.8 72.50 10.81 

119.00 11.26 77.70 11.02 
126.00 11.77 

The change in conductivity again is due to the formation of an electro- 
lyte. I t  seems quite probable that a similar sort of reaction mechanism 
may be postulated for solutions of cyanogen iodide in pyridine as in the case 
of iodine. However, the transformation of the pseudo-salt into an electro- 
lyte proceeds much more slowly and is further-complicated by side re- . . 

actions.16 I t  is of interest to note that the conductivity values for solutions 
of cyanogen iodide in pyridine are much lower than those of corresponding 
concentrations of iodine in this solvent. This fact further supports the 
formation of an iodipyridonium cyanide, l6 possibly also of a corresponding 

(15) Interaction of pyridine with an ethereal solution of cyanogen bromide results in the forma- 
tion of an extremely unstable addition compound which can be obtained in crystalline form This 
substance breaks down rapidly to  give a variety of ill-defined decomposition products [Shimidzu. 
Chem. Zentr., I, 2202 (1927)]. 

(16) Iodine monochloride also dissolves in pyridine to  give a solution whose conductivity increases 
rapidly upon standing The process of solution is, however, accompanied by very apparent decomposi- 
tion. I t  is highly probable that  the rapid increase in conductivity may here also be ascribed t o  the 
formation of a quaternary pyridonium salt. This assumption is further supported by the fact that the  
addition of pyridine to  a solution of iodine monochloride in ether results in  the formation of a crystalline 
compound, CrHsN C1I [see Pictet and Krafft, Bull. soc. chim., [3] 7, 73 (1892)l. 



ternary electrolyte. Cyanides are much weaker salts in pyridine than 
are iodides? 

Summary 
Both iodine and cyanogen iodide dissolve in pyridine to give solutions 

whose electrical conductivity increases with time to give maximum values 
The experimental evidence indicates that reaction between solvent and solute 
results in the primary formation of a non-conducting addition compound 
which in time changes over to a true quaternary pyridonium salt. In  the 
case of iodine the extraordinarily high value for the molecular conductivity 
a t  infinite solution can only be explained by the formation of a ternary salt. 

ROSTOCK, GERMANY RECEIVED AUGUST 31, 1932 
PUBLISHED FEBRUARY 9, 1933 

[CONTRIBUTION FROM THE PHYSICO-CHEMICAL INSTITUTE OF THE UNIVERSITY 

OF ROSTOCK] 

Electric Moments of Hydrazine and its Derivatives1 

In a discussion of the structure of azo compounds as revealed by the 
measurement of their dipole moments, Bergmann, Engel and Sandora 
arrive a t  the conclusion that hydrazo compounds probably also possess a 
trans-configuration, first, because azotoluene and hydrazotoluene form 
mixed crystals, and, second, because the former has a zero electric moment 
and must therefore possess a structure of highest symmetry. While their 
statement "that only similarly constituted substances can form mixed 
crystals" is not a question for dispute, it nevertheless seemed highly im- 
probable that a definite comparison between the structures of these two 
classes of compounds, based on this one observation, was permissible. 
That hydrazo compounds might easily assume the trans-configuration in 
solid mixtures in which this form is forced upon it by the symmetry of the 
other component is very probable. That they should prefer this structure 
exclusively, say in dilute benzene solution, seemed questionable in view of 
the fact that the )N-N< linkage in hydrazo compounds permits free 
rotation, that is, theoretically allows a variety of positions of the substitu- 
ents with respect to each other, whereas the positions of groups in azo 
compounds with -N=N- linkage is presumably fixed. 

That this objection to Bergmann's postulation is correct is conclusively 
The authors acknowledge with pleasure their indebtedness to Professor Paul 

Walden for his kindness in placing at their disposal the facilities of the laboratory. 
University of Illinois, Urbana, Illinois. National Research Council Fellow at the 

University of Rostock, 1931-1932. The aid of a fellowship grant from the National 
Research Council, Washington, D. C., is gratefully acknowledged. 

a Bergmann, Engel and Sandor, Ber., 63,2572 (1930). 



proved by our experimental results. Hydrazobenzene possesses an ap- 
preciable electric moment, whereas it should have zero moment if it  as- 
sumed only the trans-configuration, that is, if the substituents were fixed 
in a position of highest symmetry. 

We have also measured the dielectric constants of dilute benzene solu- 
tions of hydrazine and several of its derivatives in order to determine the 
effect of substitution upon the dipole moment of the parent hydronitrogen. 

Experimental 

Apparatus and Method.-The dielectric constants of the various binary 
solutions were measured in the apparatus designed and used by Ulich and 
Ne~p i t a l , ~  based on the resonance principle and employing a crystal con- 
trolled oscillator. For a detailed description of the apparatus and its 
operation reference is made to the original articles4 

The various concentrations were prepared either by the direct addition of 
the solute to the benzene solution in the condenser cell, or by the prepa- 
ration of standardized stock solutions in benzene which were pipetted to 
the solution in the cell. In the latter case an equal amount of solution was 
always removed from the cell before the addition of the standard solution, 
so that the volume of liquid remained constant throughout a single series 
of measurements. 

Benzene was used exclusively as the nonpolar solvent. Carbon disulfide 
and carbon tetrachloride had to be eliminated from consideration because 
of the interaction of these solvents with hydrazine and its derivatives. 

All substances were carefully purified either by recrystallization from 
appropriate solvents, or by distillation under reduced pressure. 

Evaluation of the Experimental Data.-The polarization of a binary 
liquid mixture may be calculated in accordance with Debye5 from the 
equation 

in which Pl,t is the molar polarization of the binary liquid mixture; PI and 
Pz, X I  and XZ, MI and Mz, the molar polarizations, mole fractions and 
molecular weights of the solvent and solute, respectively; E ,  the dielectric 
constant of the solution; d ,  the density of the solution; M1,2/d, the average 
molecular volume of the solution. 

The density of the most concentrated solution of each series of measure- 
ments was determined and M1,2/d calculated for this concentration. The 
values for the less concentrated solutions were obtained by interpolation, 
Only in the case of hydrazine were all M I , z / ~  values determined by interpo- 

Ulich and Nespital, 2. physik. Chem., 16B, 227 (1932). 
"Polar Molecules," The Chemical Catalog Co., Inc., New York, 1929. See also 

C. P. Smyth. "Dielectric Constant and Molecular Structure," A. C. S. Monograph, 
No. 55, The Chemical Catalog Co., Inc., New York, 1931. 
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lation between the molecular volumes of pure hydrazine and of pure ben- 
zene, assuming a linear variance of M1,t/d with Xz. Where the densities 
of the pure substances were available, theoretical values for M1,z/d were 
calculated in the same way and for control compared with those found by 
direct density measurements. 

The molar polarization of the solute, Pz, was calculated on the basis of 
the above equation in the following form: Pz =   PI,^ + PIXZ - PI) /X~.  
P, was obtained by extrapolation of the 2'2 values to infinite dilution 
(where X ,  = 0). The electric moments were then calculated on the basis 
of the equation, p = 0.01273 X 10-l8 CT, in which PM is the polariza- 
tion due to the permanent moment of the molecule and T, the absolute 
temperature. PM was obtained by correcting P, for the induced polariza- 
tion, PE + PA, due to deformation of the molecule by the applied electric . 
field. PE was obtained either by adding together the individual atomic 
refractivities (D-line) with suitable allowance for variance in type of link- 
age or, where density and refractive index were available, by application of 
the Lorenz-Lorentz expression. PA was arbitrarily taken as 1.5% of PE 
in accordance with the suggestion of K. L. Wolf.' 

The experimental data7 are summarized in the tables. 

Wolf, Physik. Z., 5,227 (1930). 
The following values for pure benzene were used 

t € M l / d  PI 

18" 2.286 88.64 26.597 
20 " 2.282 88.86 26.605 

* The anhydrous hydrazine employed had been prepared for use in making con- 
ductivity measurements by Dr. H. Hilgert (Thesis, Rostock, 1932). I t s  specific con- 
ductivity was K Z ~ O  = 1 X 103. Due to its slight solubility in benzene, only very dilute 
solutions could be prepared. The presence of a trace of moisture in the solvent, or ex- 
posure of the benzene solution to the air, rapidly caused the solution to become cloudy. 
In Table I each concentration, Xz, represents a separately prepared stock solution of 
hydrazine in benzene. Each e-value represents an average of several measurements, 
each time with fresh portions of the same stock solution. 
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TABLE VII 

RENZALAZINE, CaHbCH ' NN CHCsHs, t = 18' 
X z  e J11 ,2 /d  PI, P? 

0.003585 2.295 89.02 26.842 95 
.005947 2.300 89 27 26.989 93 
01219 2 313 89.93 27.378 9 1 

P ,  = 95 

TABLE VIII 
E ~ r c ~ n ~ c  M ~ M R N T S  OR HYDRAZINE AND ITS DERIVATIVES 

Substance P f f i  L'f- 1'1, + T'L~ PY l rLO 

(1) Kydrazine 80-83 8 9 10 2 69 8-72 8 1.83-1 85 
(2) Phenylhydra7ine 97-107 34 1 39 2 57 8-67 8 1 65-1 79 
(3) a,a-Phenylmethylhydra- 

zine 112 38.6 4 4 4  6 7 6  1.79 
(4) a,a-Diphcnylhydrazine 141 58.3 67.1 73 9 1.87 
( 5 )  Hydrazobenzene 117 58.6 6 7 4  4 9 6  1.53 
(6) Benzaldehydephenylhy- 

drazone 153 61.4 70.6 82.4 1 97 
(9) Benzalazixle 95 64 1 73.7 21.3 1 00" 

Discussion.-Our values for phenylhydrazine vary somewhat, but if 
the upper limit is considered as being more nearly the correct one, it is 
evident that the moments of (2), (3) and (4) do not vary greatly from one 
another and are practically identical with that of hydrazine itself. This 
result is not a t  all surprising if one considers that free rotation around the 
axis of the N-N linkage is possible in hydrazine and those of its derivatives 
where such rotation is not hampered by the size of the substituent groups. 
The observed differences may rest in part with the manner in which the PA 
values have been approximated. There is reason to assume that hydro- 
carbon groups give a relatively smaller PA contribution than has arbi- 
trarily been assigned to them in the above table on the basis of Wolf's 
suggestion. Consequently, the differences in the dipole moments of the 
first four substances lie within the limits of the experimental and calcu- 
lative errors of our method. 

That benzaldehyde phenylhydrazone should have a higher moment might 
also be expected, since i t  undoubtedly possesses a less symmetrical structure 
than any of the above substances. If the moment for benzalazine is 
assumed to be due to the relative positions of the CsHsCH= groups, the 
low moment may be explained as resulting from the fact that the two 
substituent groups oscillate preferentially in a sector around the trans- 
position and that, because of the size of these groups, complete rotation 
around the N-N axis is prevented.I2 

D P ~  = 150JoofP~. SeeRef.6. 
I n  Debye units (=  10-18 e. s. u.). 

l 1  Hassel and Naeshagen, Tids. Kemi Bergvesen, 7, 84 (1930), give the value 0.89. 
l2  I t  has been suggested that  the presence of the conjugated system may be re- 



Summary 
The dielectric constants of dilute benzene solutions of hydrazine and 

several of its derivatives have been measured and their dipole moments 
calculated. 
sponsible for the low electric moment of benzalazine. This possible explanation is. 
however, somewhat speculative since nothing is known about the effects of such systems. 
ROSTOCK, GERMANY RECEIVED SEPTEMBER 7,1932 

PUBLISHED FEBRUARY 9,1933 

Synthetic Glycerides. IV. Esters of Aromatic and Aliphatic 
Acids 

The general purpose of our investigation has been stated in previous 
communications.' The structural relationships found for fatty acid 
esters of glycerol have been in agreement with Fischer's2 findings which 
showed that methods of preparation which were expected to yield 0- 
monoglycerides gave a-monoglycerides, and that methods which were 
thought to yield a ,  8-diglycerides produced a ,  ar '-diglycerides. How- 
ever, Abderhalden and Eichwalda and Bergmann4 apparently succeeded in 
preparing a,@-diglycerides of aromatic acids by an indirect and difficult 
method using propylamines. 

Several investigators6 have continued to use methods which give com- 
pounds of different structure than that assigned.6 

Helferich and Sieber,7 by the use of triphenylmethyl (trityl) ethers of 
glycerol, prepared the 8-mono-(p-nitrobenzoate) and the p-monobenzoate 
(probably the first true p-esters of glycerol), and the a,@-dibenzoate. 

Bergmann and Carter8 prepared 0-monopalmitin, the first fatty acid 
ester of this type, by the catalytic reduction of 8-palmito-a,crl-benzylidene 
glycerol. 

In the present investigation the 8-mono-@-nitrobenzoate) and the 
a,@-dibenzoate of glycerol were prepared by the method of Helferich and 
Sieber and their identity established by their ready conversion, when 

(1) Roche, Averill and King, THIS JOURNAL, 51,866 (1929); 52., 365 (1930); Robinson, Roche and 
King, ibid. ,  54,705 (1932). 

(2) Fischer, Ber.. 63, 1621 (1920). 
(3) Abderhalden and Eichwald, ibid., 49, 2095 (1916). 
(4) Bergmann, 2. physiol. Chem., 137, 27, 47 (1924). 
(5) Heiduschka and Schuster, J. prakt. Chem.. 120, 145 (1928); Thomson. Tranr. Roy.  So6 

Canada, 20, 445 (1926); Whitby, ibid.. 13, 255 (1919); J. Chenz. Soc.. 129, 1458 (1926): Delaby anc 
Dubois. Compt.  rend., 187, 767 (1928). 

'6) Fairbourne. J. Chem. Sac.. 372 (1930~.  
7 )  Helferich and Sieber. 2. physiol. Chem.. 176, 311 (19281 
8) Bergmann and Carter. ib id . .  191, 211 (1930) 
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treated with acyl chlorides, into the p-mono-(p-nitrobenzoate)-cr,af- 
dihenzoate (melting point 87') and the a-mono-(p-nitrobenzoate)-cul,P- 
dibenzoate of glycerol (melting point 1 1 3 O ) ,  respectively. These com- 
pounds, to our surprise, were identical with those prepared by Fischer's 
method (from acetone glycerol). Apparently there was no molecular 
rearrangement involving the migration of an acy1 group in these glycerol 
esters of aromatic acids. However, when the same reactions were followed 
through for the preparation of 8-monopalmitin, p-monostearin, a,/% 
dipallnitin and a#-d:lstearin, the ozly products which could be identified 
were the a-monoglycerides in the first case, and the symmetrical digly- 
cerides in the second case. The symmetrical aromatic ester also melted 
lower than the unsymmetrical isomer, reversing the order for aliphatic 
esters. This peculiarity appears to be characteristic of the esters with one 

Experimental 
The a!,af-ditrityl and a!-monotrityl ethers of glycerol were prepared essentially as 

described by Helferich and co-workers, having melting points of 176" and 108-11O0, 
respectively. 

Preparation of or,af-Ditrityl Ether of p-Monopalmitin.-To a solution of 5 7 g. of 
symmetrical ditrityl ether of glycerol dissolved in 20 cc. of dry benzene and 3 cc. of 
quinoline, there was added a mixture of 3 g. of palmityl chloride and 3 cc. of quinoline. 
This mixture was kept a t  40' for eighty-four hours, by which time a heavy white pre- 
cipitate of quinoline hydrochIoride had settled out. The mixture was taken up in 50 
cc. of benzene and 50 cc. of half-normal sulfuric acid, washed several times with half- 
normal sulfuric acid, then with 10yo potassium bicarbonate solution and finally with 
water. After drying over sodium sulfate, the benzene was evaporated a t  room tem- 
perature. The sirup which remained was taken up in acetone and poured into anhy- 
drous alcohol. A precipitate formed which, after several recrystallizations from acetone 
and alcohol, melted a t  71.5 ", yield 5.6 g: 

The a,a!'-ditrityl ethers of 6-monostearin, m. p. 78.5-79.5", 6-mono-(p-nitroben- 
zoate), m. p, 187.5" and 8-monolaurin, m. p. 47". were prepared in a similar manner. 

Preparation of Monotrityl Derivatives.-The cu-monotrityl ethers of a! P-dipalmitin, 
melting point 40.5-41.5°, of a,p-distearin, melting point 464g0, and of a!,p-dibenzoate 
of glycerol, melting point 92-94O, were prepared according to the method which is de- 
scribed for the preparation of the a-monotrityl ether of a,@-dipalmitin. A mixture of 
11.2 g. of palmityl chloride and 5 cc. of quinoline was added to a solution of 6.7 g .  of 
glycerol monotrityl ether dissolved in 20 cc. of benzene and 5 cc. of quinoline. The re- 
action mixture, after standing a t  35-40' for twenty-four hours, was taken up in ben- 
zene, washed with cold half-normal sulfuric acid, then with 10 yo potassium bicarbonate 
solution and dried over sodium sulfate. The product was crystallized by evaporation 
of the benzene and recrystallized from acetone-alcohol mixture; melting point 40.5- 
41.5 O; yield 40%. 

Removal of Trityl Groups.-The following procedure for the removal of the trityl 
groups from cu,a!'-ditrityl ether of p-monopalmitin was used for all compounds of this 
type. A solution of 5 g. of the ditrityl ether of p-monopalmitin was shaken for one hour 
at 0 with 15 cc. of a chloroform solution saturated at  0 with hydrogen bromide. Any 
triphenylmethyl bromide which separated was filtered off. The filtrate was washed with 

(9) Ber., 53, 1596 (1920). {hid., 54, 936 (1921). 



potassium bicarbonate solution and with water, dried over sodium sulfate, and the 
solvent evaporated. The residue was taken up in acetone, petroleum ether was added 
and the solution allowed to stand. Crystals of triphenylcarbinol (from the hydrolysis 
of triphenylmethyl bromide) soon appeared and were filtered off. The a-monopalmitin 
crystallized out after evaporating part of the solvent and cooling. 

Molecular weights were determined for all of the new compounds and most of the 
intermediates used in their preparation, using the method of Menzies and Wright,lo 
with ethyl acetate as the solvent. 

Summary 
The 6-mono-(p-nitrobenzoate) and the a,P-dibenzoate of glycerol have 

been prepared from glycerol trityl ethers and found to correspond to the com- 
pounds previously prepared by Helferich and Sieber. These compounds, 
when thus prepared, apparently do not undergo a rearrangement involving 
the migration of the aromatic acyl group. The same procedures when used 
for the preparation of 6-monopa!miiin, ,&moilostearin, a,S-dipalmitin and 
cr,&distearin resulted in the migration of the aliphatic acyl groups and the 
production of the isomeric a-monoglycerides and a,af-diglycerides. 

The synthesis and identification of the following compounds has been 
described : the a,a'-ditrityl ether of p-monostearin, the a, a' -ditrityl ether 
of 8-monolaurin, the a-monotrityl ether of a,gdipalrnitin, the a-monotrityl 
ether of a,@-distearin, and the a-monotrityl ether of acetoneglycerol. 

(10) Metizies and Wright, Tars JOURNAL, 43, 2314 (1921). 
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, UNIVERSITY OF TEXAS] 

The Number of Structurally Isomeric Hydrocarbons of the 
Ethylene Series1 

The method for calculating the number of structural isomers by es- 
tablishing a unique relationship between the number of structurally iso- 
meric hydrocarbons of the methane series and of the acetylene series and 
the alkyl groups of which these may be considered to be composed may also 
be utilized successfully in calculating the number of structurally isomeric 
hydrocarbons of the ethylene series. 

The homologs of ethylene are divided into four groups: A, consisting of 
those hydrocarbons which may be formed, theoretically, by replacing one 
hydrogen atom of ethylene by an alkyl radical; B, in which two hydrogen 
atoms are replaced by alkyl groups; C, in which three hydrogen atoms are 
replaced by alkyls; and D, in which all four hydrogen atoms are replaced. 

(1) This paper was presented before the Central Texas Section of the American Chemical Society 
a t  its annual meeting in Waco, Texas, on April 23, 1932. Previous contributions in this series are 
Henze and Blair, THIS JOURNAL, 53,3042-3046.3077-3085 (1931) ; 64, 1098-1106, 1538-1545 (1932) ; 
Coffman, Blair with Henze, ibrd., 55, 252-253 (1933). 
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Group A.-The total number of structural formulas of olefin hydro- 
carbons of N carbon atom content included in Group A, CHz=CHR, and 
formed by replacing one hydrogen aton1 in ethylene by an alkyl radical of 
N - 2 carbon atom content, will equal the total number of such alkyl radi- 
cals2 or T(N- 2). 

AN = T(N-2) (A) 

Group B.-The structural fornlulas of the hydrocarbons of Group B 
are theoretically of two types: (I), those in which the alkyl radicals, R- 
and R'- (the carbor, ccntent of P.- plus R'- always eqi~aling N-2), are of 
unequal carbon content; and ( 2 ) ,  in which the alkyls are of equal carbon 
content. Type (2) is actually impossible with hydrocarbons of uneven 
carbon content for in this type N-2 should be divisible by two. Each of 
the types (1) and (2) may be further divided into two subtypes: (a), in 
which the two alkyl radicals are attached to the same carbon atom of the 
ethylene group, H2C=-CRR'; and (b), in which the alkyls are not at- 
tached to the same carbon atom, RHC=CHR1. Derivation of (finite) 
recursion formulas for calculating the number of isomeric hydrocarbons of 
odd carbon atom content included, respectively, in subtypes (a) and (b) 
leads to identical expressions Hence twice the number calculated by 
means of that formula equals the total number of isomeric homologs of 
ethylene included in Group B. An analogous relationship exists between 
subtypes (a) and (b) of the hydrocarbons of even carbon atom content. 
The following represent such formulas for odd and even carbon atom con- 
tents, respectively 

Odd: 
BN = 2[Ti.T(~-3) -k TYT(N-o f . . . T ( N - ~ ) / ~ . T ( N - I ) / ~ ~  (Bo) 

Even: 
T ( A T - ~ ) / Y . ( ~  I T(N-?) /~ )  

T ~ . T ( N - ~ )  i- T ~ T ( N - ~ )  -k . . -  T ( N - ~ ) / ~ . T N / ~  -k 2 

Note that the subscripts in each term add up to N- 2, and that  the num- 
ber of terms is (N-3)/2 for odd carbon content and (N-2) /2  for even. 

Group C.-The structural formulas of the hydrocarbons included in 
Group C are theoretically of three types: (I), those in which the alkyl 
radicals, R-, R'- and Rn- (the carbon content of R- plus Rf-  plus Rn- 
always equaling N- Z) ,  are of different carbon content; (2), those in which 
two of the alkyl radicals, R- and R'- are of equal carbon content and 
different from that of the third, Rt'-; and (3), those in which all three 
alkyls are of the same carbon content. Type (3) is actually possible only 
when (N-2)/3 is an integer. 

Type (I) may be further divided into three subtypes: (a), in which the 
alkyl radicals M- and R'- are attached to the same carbon atom of the 
ethylene group, RR'C=CHR"; (b), in which R- and Kt'- are attached 

(2) For the total number of alkyl radicals, which are, of course numerically equal t o  the number of 
structurally isomeric alcohols of the methanol series, through Czo see THIS JOURNAL, 63, 3045 (1931). 



to the same carbon atom, RR"C=CHR1; and (c), in which R1- and R1'- 
are attached to the same carbon atom, R1RI1C=CHR. Derivation of 
(finite) recursion formulas for calculating the number of isomeric hydro- 
carbons included in subtypes (a), (b) and (c) leads to identical expressions. 
Hence the total number of isomers included in type (1) will equal three 
times the number calculated by that expression for each subtype or 

3ZT;.T2.Tk (el) 
where i ,  j and k are integers, distinct, and greater than zero; i + j + k = 

N - 2; i > j > k .  
Type (2) may be further divided into two subtypes: (a), in which the 

two alkyl radicals of equal carbon content are attached to the same carbon 
atom of the ethylene group, RRC=CHR1; and (b), in which the two alkyls 
of equal carbon content are not attached to the same carbon atom, RRIC= 
CHR. The number of isomers included in subtype (a) equals 1/22Ti-Tj.- 
(1 + Ti). The number of isomers in subtype (b) equals B(Ti)2.Tj. 
Hence, the total number of isomeric homologs of ethylene included in type 
(2) may be calculated by use of a summation of these two expressions, or 

l/ZZTi.T,-(l + 3Ti) (CZ) 

where i and j are integers, distinct, and greater than zero, and 2i + j = 

N - 2. 
The total number of isomers of type (3) is given by the expression 

1/2Z(Ti)'.(l + Ts) (CX)  

where i is an integer greater than zero, and 3i = N - 2. 
Group D.-The structural formulas of the hydrocarbons included in 

group D are theoretically of five types: (I), those in which the four alkyls 
R-, R'-, Rtr- and R1"- are of different carbon content; (2), those in which 
two of the alkyl radicals are of equal carbon content and each of the others, 
R'- and R1'-, of different carbon content; (3), those in which three of the 
alkyl radicals are of the same carbon content and different from that of the 
fourth, R'-; (4), those in which all four alkyls are of the same carbon 
content; and (5), those in which the four alkyl radicals can be divided into 
two sets of two each, the individual members of each set being of the same 
carbon content but differing in carbon content from the members of the 
other set. I t  will be seen that types (4) and (5),  though theoretically 
possible for hydrocarbons of both odd and even carbon content, are actu- 
ally possible only for the latter, for in type (4) N-2 should be divisible by 
four, and in type (5) N-2 should be divisible by two. 

Type (1) may be further divided into three subtypes: (a), in which the 
alkyl radicals R- and R'- are attached to the same carbon atom of the 
ethylene group, RR'C=CRf'R'"; (b), in which R- and R"- are attached 
to the same carbon atom, RR"C==CRrR"'; and (c), in which R- and 
R1I1- are attached to the same carbon atom, RR"'C=CR'R". Here, 
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again, the expression for the number of isomers in subtype (a) is identical 
with that for (b) and for (c), hence the total number of isomeric homologs of 
ethylene of type (1) is given by the formula 

3ZT,.T,.T,.Tk (D:) 

where h, i, j and k are integers, distinct, and greater than zero; h $- i + j + 
k =  N- 2 ;  a n d h > i > j > k .  

Type (2) may be further divided into two subtypes: (a), in which the 
two alkyl radicals of equal carbon content are attached to the same carbon 
atom of the ethylene group, KKC=CSR'R!'; and (bj, in which the two 
alkyl radicals of equal carbon content are not attached to the same carbon 
atom, RRtC=CR"R. The number of isomers included in subtype (a) 
equals 1/2ZTi.Tj.Tk.(1 + Ti). The number of isomers in subtype (b) 
equals Z(Tj)Z-Tj.Tk. Hence, the total number of isomeric homologs of 
ethylene included in type (2) is equal to the sum of these expressions, or 

1/2ZTi.TYTp(1 + 3Ti) (Dz) 

where i,  j and k are integers, distinct, and greater than zero; 2 i  + j + k = 
N-  2; a n d j >  k. 

The totaI number of isomers of type (3) is given by the expression 
1/22(Ti)2.Ti.(l + Tc) ( D s )  

where i and j are integers, distinct, and greater than zero; and 3i + j = 
N - 2. 

The number of isomers of type (4) may be calculated by use of the 
formula 

1/8 [ Tj.(l + Ti)l[2 + Ti.(l f Ti)] (D4) 

where i is an integer greater than zero, and 4i = N - 2. 
Type (5)  may be further divided into two subtypes: (a), in which the 

two alkyl radicals of equal carbon content are attached to the same carbon 
atom, RRC=CRIR', and (b), in which the two alkyl radicals of equal 
carbon content are not so attached, RR'C=CRrR. The total number ol 
homologs of ethylene of type (5 ) ,  including both subtypes (a) and (b), may 
be calculated by the following (finite) recursion formula 

l/4ZTi.Ti(3Ti.T, + 3 + Ti + T,) (D6) 

where i and j are integers, distinct, and greater thaa zero; 2i + 2 j  = N - 2; 
i > j .  

In  Table I is to be found a summary of the number of terms actually 
present in all theoretically possible cases of Groups A, B, C and D through 
a carbon content of forty. Since the number of aIkyI groups through Czo 
is recorded in a previous contribution, it is now possible to calculate the 
number of structurally isomeric hydrocarbons of the ethylene series 
through a-carbon content of twenty-two. Hence, to calculate the total 
number of structurally~isomeric hydrocarbons of this series of higher carbon 
content it would be necessary to make a preliminary calculation of the total 



number of alkyl radicals (structurally isomeric monosubstitution products 
of the paraffins) of N- 2 and all lesser carbon contents. 

Carbon 
content 

A 
B 
C1 
cz 
C3 
DI 
DL 
DS 
D4 
DK 
Total 

Carbon 
contexlt 

A 
H 
CI 
C2 
C3 

Dl 
D2 

D3 
Total 

The total number of structurally isomeric alkenes of N carbon atoms may 
be obtained by a summation of the numbers calculated in Groups A, B, 
C and D. The actual meaning and use of these recursion type formulas 
may be illustrated in the calculation of the number of structurally isomeric 
tetradecylenes, since the hydrocarbons corresponding to  C14H28 represent 
the simplest homologs of ethylene in which all structural types are repre- 
sented. 

SAMPLE CALCULATION 

Group A. N = 14; N - 2 = 12 

T ( N - ~ )  = 3057 

Group B. Even carbon content; number of terms is (N - 2)/2 = 6 

2.Tl.Tl1 = 2.1.1238 = 2476 
2.TyTlo = 2.1.507 = 1014 
2.T3.T9 = 2-2.211 = 844 
~ . T ~ . T R  = 2.4.89 = 712 
2.TrT7 = 2.8.39 = 624 
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Group C. 

Type ( 1 )  3 T s  T2 T I  = 3,211.1.1 = 633 
3 Tb T d  T I  = 3 89 2 1 = 534 
3 Tr'T4 T I  = 3' 39 4.1 = 468 
3 T?.Ta.T% .= 3 39 2 1 = 234 
~ . T G . T ~ , T ,  = 3. 17.8 1 = 408 
3.T6.T4.T2 = 3- 17 4 1 = 204 
3.Ts.T4.T3 = 3 8 4 2  = 182 

Type (2 )  1/2 Tl.Tlo (1 + 3Tl)  = 1/2.1 507 ( 1  + 3.1) = 1014 
1/2.TyT, .(1 + 3Tz) = 1/2.1. 89.(1 + 3.1) = 178 
1/2.T3.T6 .(I + 3T3j = lj2.2 i7 . ( i  + 3 2) 119 
1/2.Ts.T2.(1 +3Ts)  = 112.8 1.(1 + 3 8 )  = 200 

Type (3 )  1/2.(T4)'.(1 + T4) = 1/2.42.(1 + 4) = 40 

Group D. 
'Type (1)  3.T6 T ~ . T z . T ~  = 3.17.2.1.1 = 102 

3-Ts.Td.Tz.Tl = 3. 8.4.1.1 = 96 

Type (2)  1/2.T1 Ts Tz (1  + 3T1) = 1/2 1 89 1.(1 + 3.1) = 178 
lp .T, .T7 Tz.(l + ST,) = 112 139 2 (1 + 3 1) = 156 
l/2.T1 Ts.T, ( I  + 3Tl) = 1/2.1.174.(1 + 3.1) = 136 
1/2.l;.T7.7'1.(1 +ST,)  = 1/21.391.(1 +3 .1 )  = 78 
l/Z.T,.Ts.T3.(l + S T 2 )  = 1/2.1. 82.(1 + 3 1 )  = 32 
1 / 2 . 5 . T :  T:.(l + 3T3) = 1/2.2 8 1,(1 $- 3.2) = 56 
1/2.T8.T4.TZ.(1 + ST,) = l/2.2. 4.1.(1 + 3.2) = 28 
l/2.T4.Tg.Tl.(l + 3T4) = 1/2.4. 2.1.(1 t 3.4) : 52 

Type (3)  1/2 (Tl)2.Tg (1 + T I )  = 1/2.12.211.(1 + 1) = 211 
1/2.(TJZ.T6 (1 + T2) = 1/2.12 17.(l + 1) = 17 

Type (4)  
i = (n - 2 ) / 4  = (14 - 2) /4  = 3 
l / S  T3 (1 + T3).[2 + Ta (1 + T,)]  = l /8.2 (1 + 2 )  12 + 2 (1 + 2)l = 6 

Type ( 5 )  
114 Ts.Tl.(3.Ts Ti + Ts + TI + 3 )  = 114 8 1 (3 8 1 + 8 + 1 + 3 )  = 7 2  
1/4.T4.Tz ( 3  T4.T; + T.j + Tz + 3 )  = 1/4 4.1.(3 4.1 f 4 + 1 + 3) = 20 

Thus, of the tetradecylenes there are 14,497 structural isomers. The 
totals of such structural isomers, as obtained by the use of these recursion 
formulas, through a carbon content of twenty are shown in Table II.3 

TABLE I1 
NUMBER O F  STRUCTURALLY ISOMERIC HYDROCARBONS OF  THE ETHYLENE SERIES 

Carbon Number of Carbon Number of Carbon Number of 
content rsorners content ~sorners content isomers 

2 1 9 153 15 36,564 
.? 1 10 377 16 93,650 
4 3 11 914 17 240,916 
5 .i 12 2,281 18 623,338 
ti 13 13 5,690 19 1,619,346 
7 27 11 14,497 20 4,224,993 
8 66 

(3) The structural formulas of the homologs of ethylene, inclusive of a carbon content of eleven, 
were written in connection with the denvation of these recurston formulas. The  totals obtained from 
actual count of these structural formulas agreed exactly with those derived by use of the  recursion 
formulas 
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Summary 
By means of a separation of the isomeric hydrocarbons of the ethylene 

series of each specified carbon content into types, arbitrarily chosen upon 
the basis of their structural formulas, a relationship may be established 
between the number of structurally isomeric homologs of ethylene and the 
alkyl groups which may be considered to be attached to the >C==C( 
grouping. Mathematical formulas of the (finite) recursion type are 
advanced which permit of the calculation, from their carbon content, of the 
number of isomers in each of these structural types. In using these 
recursion formulas to calculate the total number of such structurally iso- 
meric hydrocarbons of any given carbon content, the total number of alkyl 
groups (i. e., the total number of structurally isomeric monosubstitution 
products of the paraffins) of N-2 and all lesser carbon contents must be 
known. 

AUSTIN, TEXAS RECEIVED JUNE 27, 1932 
PUBLISHED FEBRUARY 9,1933 

Naphthol Studies. 11. The Chlorination of 1,s-Dihydroxy- 
naphthalene 

The studies of Wheeler and Ergle2 have shown that one, two or three 
atoms of bromine may be introduced into 1,5-dihydroxynaphthalene. 
In  the present study we have prepared dichloro and trichloro derivatives 
but no tetrachloro compound was obtained. A similar relation was noted 
in the juglone studies of Wheeler and co- worker^,"^ more bromine being 
taken up than chlorine. Willstatter and Schuler5 chlorinated dihydroxy- 
naphthalene in acetic acid solution but for the purposes of this study we 
found it better to chlorinate the diacetate in carbon tetrachloride. The 
description of our compounds C and G does not agree with that of Will- 
statter and Schuler. This will be re-examined, In  chlorinating the di- 
acetate a t  room temperature two atoms of chlorine are taken up whereas 
a t  SO0 three atoms are introduced. In  each case one acetyl group is 
hydrolyzed. We tried to prove that OH and 0 in compound I are ortho to  
each other by Dimroth's pyroboroacetate ester method. We obtained the 
characteristic reddish purple color but no solid product. The first two 
chlorine atoms are put in positions 4 and 8 and the third also in 4 since one 

(1) Extract from a thesis presented to the Faculty of the University of North Carolina by W. J .  
Mattox for the degree of Doctor of Philosophy in 1932. 

(2) Wheeler and Ergle, THIS JOURNAL, 52, 4873 (1930). 
(3) Wheeler and Scott, ibid., 41, 834 (1919). 
(4) Wheeler, Dawson and McEwen, ibid., 46, 1970 (1923). 
(5) Willstatter and Schuler, Ber., 61, 362 (1928). 
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0 replaces 2C1 in the production of compound H. This is in harmony with 
the observed instability of compound 0. Quinone H gave characteristic 
reactions with several aromatic amines. The nitroanilines, sulfanilic acid, 
p-aminobenzoic acid and 2,4-dichloroaniline did not react. 

C1 OAc 

03 OAc OAc 

N 

I 

05 oAc 85 OAc Cl 

~ 1 '  O H  Ci OBn 

03 OAC OH + 03 OAC OBZ 

L M 

05 OBZ c1 

~ 1 '  OBz 

03 OBz OBz 

K 

Experimental 
4,s-Dichloro-1-hydroxy-5-acetoxynaphthalene (B).-Five grams of the diacetate 

of 1.5-dihydroxynaphthalene (m. p. 159') was suspended in 40 cc. of carbon tetra- 



chloride, a small crystal of iodine was added and a slow stream of chlorine passed a t  
room temperature until solution took place. The solution after treatment with char- 
coal was reduced one-half in volume in a vacuum desiccator. Petroleum ether was 
then added until a cloudiness remained after stirring. The colorless needles which soon 
separated were recrystallized from a small amount of glacial acetic acid. On heating 
the substance it turned green a t  158-160" and then effervesced vigorously. If recrys- 
tallized from alcohol yellow impurities clung tenaciously to  the crystals. The product 
was soluble in acetone, chloroform and ether. 

Anal. Calcd. for CnHsOaC12: C1,26.19. Found: Q26.34. 

4,s-Dichloro-1,s-dihydroxynaphthalene (C).-Compound B may be hydrolyzed in 
alkaline or acid solution, but the acid hydrolysis is t o  be preferred. The alkaline solu- 
tion is purple in color and acidification gives a greenish product. The acid hydrolysis 
gives a t  once a white product. Two grams was dissolved in 100 cc. of warm alcohol 
and 30 cc. of concd. hydrochloric acid was added. The solution after standing four to 
five hours was poured into 200 cc. of water. The white precipitate was recrystallized 
from glacial acetic acid as fine, colorless needles, m. p. 194". Willstatter and Schuler 
give i88-189" for a pale yellow product. The compound is soluble in alcohol, ether, 
chloroform, hot benzene and carbon tetrachloride. It darkens slowly on exposure to  
light and air. 

Anal. Calcd. for CloHeOzClz: C1, 31.00. Found: C1, 30.75. 

8-Chloro-5-acetoxy-l,4-naphthoquinone (H).-Two grams of B was dissolved in 
40 cc. of glacial acetic acid a t  50" and a solution of 4 g. of chromic acid in 10 cc. of water 
was added. After standing for two to three hours the solution was poured into several 
volumes of water. The precipitated quinone was dissolved in acetone and warmed with 
charcoal. The filtered solution was mixed with water, giving fine yellow needles, m. p. 
143". It can be recrystallized from alcohol in a yield 46%. This quinone was also 
obtained by the oxidation of the trichloro compound 0. It is stable and sublimes with- 
out  decomposition. 

Anal. Calcd. for ClzH-iOaCl: C1, 14.17. Found: C1, 14.32 

4,4,8-Trichloro-1-hydroxy-5-acetoxynaphthee (O).-Five grams of A was dis- 
solved in 25 cc. of glacial acetic acid. Chlorine was passed into the solution a t  50' 
for two and one-half hours. The solution became red and 011 cooling with ice the tri- 
chloro compound crystallized out. Sometimes seeding was necessary. The color of 
the crystals was largely removed by washing with petroleum ether. Kccrystallization 
from hot glacial acetic acid gave colorless needles, m. p. 174", yield 2.5 g.; soluble in 
acetone, hot alcohol, ether and benzene. The substance darkens in a few days when 
exposed t o  sunlight. It is readily decomposed by dilute alkali. Boiling for several 
hours with absolute alcohol does not remove any chlorine. Oxidation in glacial acetic 
acid with chromic acid gives the quinone H as does also the compound £3. 

Anal. Calcd. for ClzHsOaCL: Cl, 34.75. Found: C1, 34.72. 

The dichloro compound B also takes up chlorine a t  80 giving the same compound 
0. Analysis for C1 gave 34.69. 

2,8-Dichloro-5-acetoxy-1,4-naphthoquinone (T).-One-half gram of El was dis- 
solved in 10 cc. of glacial acetic acid and an excess of chlorine passed into the solution 
Water was added until a faint cloudiness appeared The product crystallized out on 
standing. I t  was recrystallized from alcohol as pale yellow needles, m. p. 158-159'. 
It is noteworthy that only one atom of chlorine is taken up. 

Anal. Calcd. for ClzH604Clz: C1, 24.91. Found: C1, 24.37. 

I n  the table other derivatives are indicated. 





Summary 
1. 1,s-Diacetoxynaphthalene suspended in carbon tetrachloride yields 

with chlorine in the sunlight or with iodine as a catalyst a dichloro sub- 
stitution product and at 80' a trichloro product. 

2. The chloro compounds yield the same quinone when oxidized with 
chromic acid. 

3. The quinone gave mono, di and trihydroxy naphthols. 
CHAPEL HILL, NORTH CAROLINA RECEIVED JUNE 25, 1932 

PUBLISHED FEBRUARY 9, 1933 

[CONTRIBU~ION FROM THE CHEMICAL LABORATORY OF HARVARD UNIVERSITY] 

The Reaction between Alpha, Beta-Unsaturated Ketones and 
Organic Magnesium Compounds. 
Unsaturated Mesitylenic Ketones 

Earlier papers on this subject contain a description of the reaction be- 
tween organic magnesium compounds and every member of the series of 
alpha, beta-unsaturated ketones which could be formed by replacing the 
hydrogen atoms in acrolein one by one with phenyl groups. Not one of 
these ketones under any conditions formed a product containing more than 
two phenyl groups in the beta position. In the case of tetraphenyl pro- 
penone, from which such a product was most to be expected, the reaction 
took an entirely unexpected direction involving addition to a phenyl group. 
(CsHs)2C=C(CsHs)COCeHs 4- OHaMgBr --f (CEH~)~C=C(CEH~)COC~H~CBH~(O) 

In  view of this result it now became a matter of interest to study the 
reaction with unsaturated mesitylenic ketones which are so constituted 
that the hindrance to 1,2 addition would be prohibitive, and that any type 
of 1,4 addition would inevitably lead to substances with three hydrocarbon 
residues in the @-position. With this end in view we decided to investigate 
the behavior of beta phenyl benzalacetomesitylene. The reaction between 
phenylmagnesium bromide and this ketone had been briefly examined 
many years ago with negative  result^,^ but with the experience gained since 
then in working with highly phenylated compounds this outcome no longer 
seemed inevitable. 

We have now found that by operating under favorable conditions and 
with suflicient persistence it is possible to add both phenylmagnesium 
bromide and ethylmagnesium bromide to this ketone in ether. In the case 
of methylmagnesium iodide the highly colored intermediate complex 
product is so nearly insoluble in ether that a reaction in this solvent is 
impossible but even here it is possible to secure reaction by operating at a 

(1) Kohler and Nygaard, THIS JOURNAL, 62, 4128 (1930). 
(2) Kohler, Am. Chem. J., 38, 560 (1907). 
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higher temperature in benzene. In all three cases the products are satu- 
rated ketones. 

These highly substituted saturated ketones are exceedingly unreactive; 
most reagents that attack them a t  all degrade them to the point where the 
results are no longer significant. Their structure therefore had to be 
established by independent syntheses. An attempt to synthesize the 
product that had been obtained with phenylmagnesium bromide by a 
Friedel and Crafts reaction was balked at the outset by the ease with 
which triphenyl propionyl chloride was converted into an indene derivative. 
Another attempt to synthesize it by the interaction of sodium triphenyl 
methane and a-chloro acetomesitylene in liquid ammonia was equally 
unsuccessful, the ketone merely exchanging one of its hydrogen atoms 
for sodium 
(CeHr)aCNa f CICH~COC~H~(CH~)Z -+ (CaHs)aCH 4- C ~ C H = C ( O N ~ ) C B H ~ ( C H ~ ) ~  

The synthesis of the saturated ketone was, however, readily accom- 
plished by taking advantage of the fact that when acetomesitylene is 
treated with a Grignard reagent it forms a halomagnesium enolate which 
reacts essentially like the metallic derivatives of acetoacetic ester.3 Under 
proper conditions this enolate reacted with triphenylmethyl chloride to 
form the same substance that was obtained by the action of phenyl- 
magnesium bromide an the unsaturated ketone 
(CaHs)zC=CHCOCeHz(CHa)s + CeHrMgBr -+ 

I (CeH6)3CCH=CGHz(CHa)s + (CeHa)sCCHzCOCeHz(CHa)3 
I 
I 
OMgBr I1 

(C6H5),CC1 + CH2=CC6H2(CH3)3 --, (C6Hs)3CCH2COC~H2(CHJ)s + MgClBr 
I 

OMgBr 

Owing to the difficulty of preparing pure methyl diphenyl chloro methane 
this device could not be used for establishing the structure of the product 
obtained with methylmagnesium iodide, but equally conclusive evidence 
was secured in a different manner. By analogy with the reaction of 
phenylmagnesium bromide, methylmagnesium iodide would be expected 
to form methyl diphenyl propionyl mesitylene and this same ketone should 
be formed by the action of phenylmagnesium bromide on j3-methyl benzal- 
acetomesitylene. This was found to be the case. 

(3) Kohler and Baltzly, THIS JOURNAL, 54, 4015 (1932). 



These results show that, though difficult, it is not impossible to add 
Grignard reagents to 0-phenyl benzalacetomesitylene and analogous 
compounds-the hydrocarbon residues as usual going into the beta position. 
The difference in the speed with which the several addition reactions occur 
is surprising. Thus, although the two reactions represented by A and B 
result in the formation of the same magnesium derivative, the first requires 
for completion a t  least three hours a t  the boiling point of benzene, while the 
second proceeds almost as fast as the reactants are brought together a t  the 
ordinary temperature. This great difference in rate appears to be due 
largely to a difference in the quality of the conjugated system, because 
methylmagnesium iodide can be substituted for phenylmagnesium bromide 
in the second reaction without materially altering its speed. 

Experimental Part 
6-Phenyl benzalacetomesitylene has been obtained heretofore by means of a series 

of reactions that are not well adapted for making larger quantities of the substance. 
We therefore devised a new method of preparation which is modeled after the best 
method for obtaining P-phenyl benzalacetophenone and which is indicated by the fol- 
lowing series of compounds 

Benzalacetomesitylene, the first substance in the series, was originally prepared by 
the action of cinnamoyl chloride on mesitylene. It is much more easily obtained in 
quantity by the usual condensation of an aldehyde with a methyl ketone. Our pro- 
cedure was as  follows 

T o  a solution of 62 g. of sodium hydroxide in 540 cc. of water, and 270 g. of alcohol 
was added, first 200 g. of acetomesitylene and then, gradually, with vigorous stirring, 
146 g. of freshly distilled benzaldehyde. After stirring for six hours the mixture was 
cooled with ice and salt and inoculated, the stirring being continued to produce small 
crystals. The mixture crystallized rapidly and completely. The solid was washed with 
water until free from base and then with 25% alcohol to  remove organic impurities. 
The  yield of crude dry product was 290 g. or 94%. The crude product is sufficiently 
pure for the next step. 

From the unsaturated ketone the dibromide (B) was obtained in the usual manner. 
I n  working with large quantities of material i t  is essential that the bromine be added 
slowly and with vigorous stirring, and also that  it  be not added in excess, otherwise some 
of i t  enters the mesitylene group and it  is impossible to get bromine-free products in sub- 
sequent operations. From 290 g. of crude unsaturated ketone we obtained 357 g. of 
pure recrystallized product melting a t  126-127'-a yield of 76%. 

In a flask provided with a stirrer, a reflux condenser and a dropping funnel, 357 g. 
of the pure dibromide was mixed with 250 cc. of dry methyl alcohol. From the dropping 
funnel a solution of 39 g. of sodium in 380 cc. of dry methyl alcohol was added gradually 
while the flask was cooled with running water, the stirrer being started as soon as the 
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mixture became sufficiently fluid. After all the methylate had been added, the mixture 
was boiled for three hours, then diluted with enough water to  dissolve the sodium bro- 
mide and acidified with hydrochloric acid. The acidified solution was boiled for three 
hours, then cooled in ice water while it  was stirred vigorously to prevent the formation of 
large lumps. It deposited a solid which after washing with water and with 60% alcohol 
yielded 219 g. of crude dry product. On recrystallization from methyl alcohol 2&30% 
of the material was left in the filtrates, the yield of pure product being 70-80%. 

Anal. Calcd. for C18HslOi: C, 81.2; H, 6.8. Found: C, 80.9; H,  6.8. 
Benzoylacetomesitylene (C) is moderately soluble in all common organic solvents 

except petroleum ether in which i t  dissolves but sparingly. It crystallizes in colorless 
prisms and melts a t  79 ". A bromine titration by the Kurt Meyer method showed tha t  
like other aromatic diketones it  is completely enolic. and in a quantitative examination 
with methylmagnesium iodide it  reacted with two moles of reagent and liberated one 
mole of gas. 

The diketone was converted into the 6-hydroxy ketone (D) in the following manner. 
A solution of 50 g. of the substance in dry ether was added gradually to  a similar solution 
of phenylmagnesium bromide. The mixture was boiled until the purple-red color which 
developed in the solution disappeared-usually five to  six hours. At this stage the solu- 
tion contained a dimagnesium compound which is stable but in order t o  isolate the  car- 
binol, which readily loses water, i t  was necessary to  proceed with great caution. The  
mixture was added slowly with efficient stirring to  ice and hydrochloric acid, t h e  ethereal 
layer washed with sodium carbonate, dried and allowed to evaporate spontaneously. 
I t  left a yellow oil which solidified when its solution in methyl alcohol was cooled in a 
freezing mixture. The solid was purified by recrystallization from methyl alcohol. 

Anal. Calcd. for CzsH240~: C, 83.7; H,  7.0. Found: C, 83.6; H,  7.2. 
The carbinol is moderately soluble in ether, in benzene and in petroleum ether. I t  

crystallizes in thick colorless plates and it  melts a t  75 O. 

p-Phenyl Benzalacetomesitylene, I.--From the carbinol the unsaturated ketone 
is readily obtained by warming it  with aqueous hydrochloric acid but  since i t  is easier t o  
isolate and purify the ketone than the carbinol it  is best to prepare i t  directly from the 
dimagnesium compound. This was accomplished by adding a n  equal volume of con- 
stant boiling hydrochloric acid to  the ethereal layer obtained by decomposing the  mag- 
nesium derivative, distilling off the ether, and warming the residue on a steam-bath for 
half an hour. The yellow oil solidified on cooling. The solid was recrystallized from 
methyl alcohol, from which i t  separated in thin plates melting a t  104O. T h e  yield was 
82%. 

p-Methyl Benzalacetomesitylene, 1V.-By a slight modification of the  method 
which has just been described i t  was also comparatively easy to  prepare the methyl ke- 
tone which was needed for the structural work, the steps being represented as  

The procedure was as follows. A solution of methylmagnesium iodide made from 
2.3 g. of magnesium was added gradually to a solution of 25 g. of benzoyl acetomesitylene 
in 1.50 cc. of ether. The mixture, which had developed a purple color during the  addition 
of the reagent, was boiled for seven hours, and then decomposed with iced acid in the 
usual manner. The ethereal layer, on evaporation, left a yellow oil which solidified 
when it  was heated for half an hour with dilute hydrochloric acid. The solid was puri- 
fied by recrystallization from petroleum ether from which it  separated in large yellow 
prisms melting a t  84'. The yield was 92.4%. 

Anal. Calcd. for ClpHzoO: C, 86.4; H, 7.6. Found: C, 85.8; H,  7.6. 



The unsaturated ketone is moderately soluble in the common organic solvents 
Its structure was established by ozonization, the ozonide yielding acetophenone, identi- 
fied as m-nitro benzalacetophenone, and mesitylene carboxylic acid, which was identified 
by comparison with a specimen on hand. 

Action of Phenylmagnesium Bromide on Phenyl Benzalacetomesitylene, p,p,p- 
Triphenyl Propiomesitylene (II).-The unsaturated ketone combines with phenylmag- 
nesium bromide to form a red intermediate complex compound which is sparingly soluble 
in ether, and which regenerates the ketone when it is acidified. In order to carry the 
reaction beyond this preliminary stage it is necessary to use dilute solutions and to add 
the ketone a t  such a slow rate that the intermediate never crystallizes from the solution. 
Our best results were obtained as follows. A solution of 5 g. of the ketone in 125 cc. of 
dry ether was added during a period of three to four hours to a solution of the reagent 
which had been prepared from 1.6 g. of magnesium. The mixture was boiled for five 
hours more, or until the red color of the solution disappeared completely. After the 
usual manipulation, the mixture yielded a solid product which was recrystallized from 
glacial acetic acid. 

Anal. Calcd. for CJOHSO: C, 89.1; H, 6.7. Found: C, 89.0; H, 7.0. 
The saturated ketone is sparingly soluble in alcohol and ether. From glacial acetic 

acid i t  crystallizes in needles melting a t  194-195'. The yield was only 60% but no 
other product was formed. By distilling the filtrates with steam and crystallizing the 
residue enough unsaturated ketone was recovered to account for all the material that had 
been used. 

Structure of the Addition Product.-A solution of the bromomagnesium enolate 
of acetomesitylene was prepared by adding 16.2 g. of acetomesitylene to a solution of 
ethylmagnesium bromide made from 2.6 g. of magnesium and boiling the mixture for 
ten minutes. To this solution was added an ethereal solution of 28 g. of triphenyl- 
methyl chloride. After a few minutes' boiling the mixture solidified. The solid, washed 
with water and recrystallized from glacial acetic acid, yielded 21.5 g. of the same product 
that  had been obtained from 6-phenyl benzalacetomesitylene. 

Reaction with Methylmagnesium Iodide, B,B-Diphenyl Butyrylmesitylene (III).- 
After a number of fruitless attempts to carry out the reaction in ether, the following pro- 
cedure was found to be effective. A solution of 5 g. of the ketone in 75 cc. of benzene 
was added in the course of half an hour to a boiling ethereal solution of methylmagnesium 
iodide prepared from 1.6 g. of magnesium. The resulting red solution was boiled for 
three hours and then decomposed in the usual manner. The benzene, on evaporation, 
left an oil, but when a solution of the oil in petroleum ether was cooled in a freezing mix- 
ture i t  deposited 3.6 g. of solid. Another gram of the same solid was obtained by dis- 
tilling the atrate with steam and treating this residue also with petroleum ether. The 
total yield, therefore, was 82%. 

Anal. Calcd. for C26H260: C, 87.7; H, 7.6. Found: C, 87.4; H, 7.8. 
The product is soluble in all common organic solvents including petroleum ether. 

It crystallizes in needles and it melts a t  87 '. Its structure was established in the follow- 
ing manner. A solution of 5 g. of 8-methyl benzalacetomesitylene in 75 cc of ether was 
added in the course of five minutes to a solution of phenylmagnesium bromide prepared 
from 2 g. of magnesium. Since the color of the red intermediate addition product disap- 
peared rapidly, the mixture was decomposed with iced acid a few minutes after all of the 
ketone had been added. I t  yielded 4.0 g. of the same product which had been obtained 
by the action of methylmagnesium iodide on phenyl benzalacetomesitylene. The re- 
action was evidently incomplete, because the yield was only 62% and nearly a fourth 
of the unsaturated ketone was recovered, but the yield was diminkhed when the mixture 
was boiled for several hours before it was acidified. 
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Reaction with Ethylmagnesium Bromide, P,@-Diphenyl Valerylmesitylene CaHsC- 
(C~H~)&!H~COCOHS(CH~)~.-A solution of 6 g. of phenyl benzalacetomesitylene in 250 
cc. of dry ether was added in the course of three hours to a solution of ethylmagnesium 
bromide prepared from 1.2 g. of magnesium. The color of the red intermediate com- 
pound was very persistent but it gradually faded to a light pink when the mixture was 
boiled for four hours. By decomposition with iced hydrochloric acid, and the usual 
manipulation of the ethereal layer, the mixture yielded a solid which separated from 
petroleum ether in needles and which melted at  106 O. 

Anal. Calcd.forG~Hpa0: C.87.6; H,7.9. Found: (2.87.4; H.7.7. 
@-Methyl Benzalacetomesitylene and Methylmagnesium Iodide, (CdIs)(CHa)z- 

CCH2COC6H2(CHa)s.-An ethereal solution of 5 g. of methyl benzalacetomesitylene 
was added in the course of a few minutes to an ethereal solution of methyimagnesium 
iodide which had been prepared from 1.8 g. of magnesium. The orange-colored solution 
soon began to deposit a colorless magnesium derivative. After ten minutes a t  the ordi- 
nary temperature it was decomposed with ice and acid in the usual manner. It yielded 
a solid which crystallized from acetic acid in rolorless needles and which melted a t  184- 
1 8 5 O .  

Anal. Calcd. for CzoHzrO: C, 85 8; H, 8.6. Found: C, 86.0; H, 8.8. 

Summary 
The former statement that P-phenyl benzalacetomesitylene does not add 

phenylmagnesium bromide is incorrect. Both 8-phenyl and &methyl 
benzalacetomesitylene add Grignard reagents, forming enolates of the 
corresponding saturated ketones. 

CONVERSE MEMORIAL LABORATORY RECEIVED JULY 2.1932 
CAMBRIDGE, MASSACHUSETTS PUBLISHED FEBRUARY 9,1933 

The Number of Stereoisomeric and Non-Stereoisomeric 
Alkines 

Since the number of structurally isomeric alkinesl can be readily de- 
duced from the aumber of structurally isomeric mono-substitution products 
of the  paraffin^,^ an attempt has been made to calculate the number of 
stereoisomeric alkines. 

Blair and Henze have advanced recursion formulas which3 permit the 
calculation from their carbon content of the number of stereoisomeric 
and non-stereoisomeric primary, secondary and tertiary mono-substitution 
products of the paraffins. The use of these formulas depends upon the 
knowledge of the total number of stereoisomeric and non-stereoisomeric 
mono-substituted paraffins of every lower carbon content. By employing 
the published data of Blair and Henze, it is possible to calculate the 
number of stereoisomeric and non-stereoisomeric mono-substituted and 

(1) Coffman, and Blair with Henze, THIS JOURNAL, 55, 052 (1933). 
(2) Henze and Blair, ibid., 53, 3042-3046 (1931). 
(3) Blair and Henze, ibid., 64, 1098-1106 (1932). 



di-substituted alkines of the formulas RC=CH and RC=CR1. The 
calculation depends upon the classification of the alkines into simple types 
whose number of stereoisomers may be estimated. 

Mono-substituted A1kines.-The structural formulas of the mono- 
substituted alkines RC=CH of N total carbon content may be formed by 
attaching to the residue --C=CH each alkyl group R of N-2 carbon 
atoms. It is therefore apparent that the number of stereoisomeric mono- 
substituted alkines of N total carbon content formed in this way will 
equal the total number of stereoisomeric mono-substituted paraffins of 
all types containing N-2 carbon atoms. For these same reasons the 
number of non-stereoisomeric mono-substituted alkines of N total carbon 
content will equal the total number of non-stereoisomeric mono-substituted 
paraffins of all types containing N - 2 carbon atoms. These values may 
be obtained from the tables of Blair and Henze. 

Di-substituted A1kines.-The structural formulas of the di-substituted 
alkines RC=CRf of N total carbon content may be formed by attaching 
to  the residue -C=C- the alkyl groups R and R' (the sum of the carbon 
atoms in R and R' must always equal N-2). The total number of 
isomers that may be formed in this manner will be determined by the 
number of possibilities of combining with the residue -C=C- comple- 
mentary values of R and R f.  These combinations may be divisible into 
two types: (1) in which R and R' may be of4 unequal carbon content, 
and (2) in which R and R' may be of equal content. As a matter of fact, 
type (2) is impossible for RCzCR'  of an odd number of carbon atoms 
since (N-2)/2 must be an integer, greater than zero. 

Type I.-When R and R' are of unequal carbon content, the number of 
possibilities of combining stereoisomeric and non-stereoisomeric values of 
R and R' with the residue --C=C- may be represented by the expression 
Asi . As, + Ax, -An, + An,. As, in which A,  and As, represent the total 
number of all types of stereoisomeric mono-substituted paraffins RX and 
R fX  each of carbon contents i and j,  and in which An, and An, represent 
the total number of all types of non-stereoisomeric mono-substituted 
paraffins RX and R'X each of carbon contents i and j. Here i and j 
are integers, distinct, and greater than zero, i > j, and i + j = N-2. 
By defining Ti = Asi +Ani and Tj  = Asl +An,, substitution in and 
simplification of the above expression yields a formula representing the 
total number of stereoisomeric alkines RCsCR '  of type 1 

Z(TaTj - AniAn,) (1s) 

When N is even, the number of Ti T j  - An, .An, terms in the summa- 
tion will be (N - 4)/2; when N is odd, the number of terms will be 
( N  - 3 ) / 2 .  

(4) These types are analogous to  those of the  secondary mono-substitution products of the paraf- 
fins a s  classified by Blair and Henze. 
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The number of non-stereoisomeric alkines RC=CR1 of type 1 will be 
equal to 

ZAn, . An,  (In) 

requiring ( N - 4 ) / 2  terms when N is even, and ( 3 - 3 , / 2 )  terms when N is 
odd. 

Type 11.-When R and R' are of equal carbon content, it  is convenient 
to subdivide the isomers further into two groups: (a) in which R and R' 
are structurally and stcreoisomerically identical, and (b) in which R and R t  
are iiot identical. 

Group (a).-The number of possibilities of combining identical stereo- 
isomeric values of R and R' with the residue -C=C- will equal the num- 
ber of stereoisomers of this subdivision, or As,. By the combination of 
identical non-stereoisomeric values of R and R' with the residue -C=C-, 
no stereoisomers can result. 

Group (b).-When non-identical complementary values of R and Kt, 
both stereoisomeric and non-stereoisomeric, are combined with the 
residue -C=C-, the number of such possibilities may be represented 
by the expression As, . Ani + As, (A ,  - 1)/2. The sum of the expressions 
in group (a) and group (b) gives a formula representing the total number 
of stereoisomers of type 11. 

Asi(2A, +Asi +1)/2 (11.) 

in which i is an integer greater than zero, and i = (N- 2)/2. 

TABLE I 
ISOMERIC ALIIINBS 

R C I C H  RC=CR' RCZCH and R C 3 C R '  
Carbon Total Total Total 
content Stereo Non-stereo Stereo Non-stereo stereo Non-stereo isomers 

3 0 I 0 0 0 1 1 
4 0 1 0 I 0 2 2 
5 0 2 0 1 0 3, 3 
6 2 3 0 3 2 6 8 
7 6 5 2 5 8 10 18 
8 20 8 8 11 28 19 47 
9 60 14 30 19 90 33 123 

10 176 23 101 38 277 61 338 
11 512 39 316 68 828 107 935 
12 1,488 65 975 129 2,463 194 2,657 
13 4,326 110 2,948 232 7,274 342 7,616 
14 12,648 184 8,878 428 21,526 612 22,138 
15 37,186 310 26,622 768 63,808 1,078 64,886 
16 109,980 520 79,980 1,393 189,960 1,913 191,873 
17 327,216 876 240,590 2,487 567,806 3,363 571,169 
18 979,020 1,471 726,238 4,460 1,705,258 5,931 1,711,189 
19 2,944,414 2,475 2,199,070 7,924 5,143,484 10,399 5,153,883 
20 8,897,732 4,159 6,683,108 14,095 15,580,840 18,254 15,599,094 
21 27,004,290 6,996 20,378,720 24,925 47,383,010 31,921 47,414,931 
22 82,287,516 11,759 62,347,546 44,065 144,635,062 55,824 144,690,886 



The number of possibilities of combining non-stereoisomeric values of 
R and Rf (type 11) with the residue -C=C- may be represented by the 
expression Ani +Ani (Ani - 1)/2 which on simplification yields 

representing the number of non-stereoisomeric alkines RC=CRf of type 
11. 

The finite formulas I,, In, 11, and 11, permit the calculation of 
the number of stereoisomeric and non-stereoisomeric di-substituted al- 
kines RC=CR' of N total carbon content when the number of stereo- 
isomeric and non-stereoisomeric mono-substitution products of the paraffins 
of all types of N- 3  and every lower carbon content is known. In apply- 
ing these formulas the values for the stereoisomeric and non-stereoisomeric 
mono-substitution products of the paraffins, as calculated by Blair and 
Henze, have been employed. The table indicates the calculated number 
of stereoisomeric and non-stereoisomeric alkines containing from three 
to  twenty-two carbon atoms inclusive.6 

Summary 

The number of stereoisomeric and non-stereoisomeric mono-substituted 
alkines RCzCH of N total carbon content has been deduced from the 
number of stereoisomeric and non-stereoisomeric mono-substitution 
products of the paraffins. 

The number of stereoisomeric and non-stereoisomeric di-substituted 
alkines RC=CRf of N total carbon content has been calculated employing 
finite recursion formulas. The use of these formulas is dependent upon 
the knowledge of the number of stereoisomeric and non-stereoisomeric 
mono-substitution products of the paraffins of N- 3  and every lower 
carbon content. The number of isomers so obtained agrees with the 
number required by theory through the decines as shown by writing the 
formulas and counting the stereoisomeric and non-stereoisomeric alkines 
RC=CRf. 

WILMINGTON, DELAWARE RECEIVED JULY 5, 1932 
PUBLISHED FEBRUARY 9,1933 

-- 

(5) The number of stereoisomeric and non-stereoisomeric disubstituted alkines RCZCR',  as 
represented in the table, agrees exactly with the number obtained by writing and counting the structural 
formulas inclusive of the decines RC-CR'. 
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The Pyrolysis of Alpha Unsaturated Hydrocarbons1 

BY CHARLES D. HURD~ AND HARRY T. BOLLMAN' 

To extend our knowledge of the pyrolysis of olefins beyond the C g  

members, these unsaturated hydrocarbons were chosen for study: diallyl, 
4-methyl-l-pentene, allylcyclohexane and 4-phenyl-l-butene. All possess 
the general structure R-CH2CH=CH2, wherein R is a radical of low 
electron attraction. In contrast to propylene and isobrrtylene,hhicich 
required temperatures of 700' or above for extensive decomposition, these 
olefins decomposed considerably in the 425-500" range. Both types 

ff P 
possess a C-C=C skeleton but the former has no C-C?C=C skeleton. 

B This difference suggests that pyrolysis produces a rupture of the C-C bond 

more readily than the C ~ C .  
Confirmation was found in the fact that propylene predominated 

throughout in the gases. The ethylene content was small, indicating an 
a 

inconsiderable C-C scission. Saturated hydrocarbons and hydrogen 
comprised most of the remainder of the gas. Allene was sought for but 
not found. 

In the lower boiling liquid products, materials were encountered which 
possessed slightly higher distillation ranges than the original hydrocarbon. 
They gave higher n,, values and, in the case of the liquid from diallyl, 
showed a different behavior toward tetranitromethane reagent. These - 
facts suggest the presence of isomeric unsaturated hydrocarbons (such 
as 1,4- or 2,4-hexadiene from diallyl; 4-phenyl-2-butene from 4-phenyl-l- 
butene; etc.) or dehydrogenated compounds (such as 1,3,5-hexatriene 
from diallyl; phenylbutadiene or naphthalene from 4-pl~enyl-l-butene; 
etc.). Naphthalene was isolated in quantity from the phenylbutene 
liquids. 

To compensate for the propylene found in the gas, much toluene (and 
some benzene) was formed from the phenylbutene. Similarly, cyclo- 
hexane, benzene and cyclohexene were indicated in the liquids from 
allylcyclohexane. Polymerization products were formed in every case, 
as shown by the high boiling material and tars which were encountered. 

Mechanism.-The facts are best explained by assuming that these 
a-olefins undergo a preliminary seissiod into radicals a t  the ally1 bond: 

(1) This paper contains results obtained in an investigation on "The Pyrolysis of Pure  Hydro- 
:arbons." listed as  Project No. 18 of American Petroleum Institute Research. Financial assistance in 
:his work was received from a research fund of the A. P. I. donated by the Universal Oil Products Co. 
This fund was adminisrered by the Institure with the coduerarion of the Cerirrai I'erroieum Committee. 
Varional Research Councii. 

2) Direcror. Projecr S o .  15 
3)  American Perroleurn iasrirure junior Rese.zrch Felioa 
4)  FIurd. S ~ e n c e  and Meinert. Tars TOURLAI.. 51. 3561 (192'9): 62, 4978 (1930). 



R-C3Hs -+ R- + C3H5-- These radicals acquire hydrogen atoms 
from some source, presumably largely from the original hydrocarbon, and 
escape as RH + C3H6. The dehydrogenated material may escape as 
RfCH=CH-CH=CH2 or, in common with the original unsaturated 
hydrocarbon, it may undergo polymerization. 

The formation of propylene without allene from diallyl resembles the 
analogous formation of aniline without allene from allylaniline6 and of meth- 
ane witliout allene from i~obutylene.~ A compound analogous to diallyl, 
namely, tetraphenylhexadiene, (Ph2C=CH-CH2-)2, has been reported7 

to pyrolyze into a,a-diphenylpropylene and tar. The tar was regarded as 
polymerized diphenylallene but this position now becomes untenable. 

A conclusion may be drawn from the present work regarding the pyrolysis 
of hydrocarbons in general, namely, that simple scission into two com- 
pounds should not be considered the primary effect eveil though each of 
the two products may be among the products of the reaction (as in the case 
of ethane + ethylene, or methane + propylene, from n-butane). 

Experimental Part 

Preparation of Hydrocarbons.-The compounds studied were synthesized by the 
general method? RMgX + BrCHrCH=CHZ + RCH2CH=CHt + MgBr. I n  the 
synthesis of diallyl it  was found convenient to  use much less ether than Cortese recom- 
mended and to add the allyl bromide slowly. The dk l l y l  used boiled a t  58-60'. For 
the allylcyclohexane, b p. 148-150°, these new constants were determined: dl = 20°/ 
0.8160; 28.5"/0.8117; 41.5"/0.8010; n, = 15"/1.4528; 25"/1 4483 The dibromide 
of allylcyclohexane gave these constants: b. p. 129-131 (11 mm.) ; n, = 15 "/I .5293, 
20°/1 5271, 25'/1.5251. To synthesize 4-phenyl-1-butene, benzylmagnesium chloride 
was used rather than the bromide. The hydrocarbon boiled a t  175-178 O; n2: 1.5090. 

4-Methyl-1-pentene has not been made previously by this method. I t  was pre- 
pared from 24 g. of magnesium, 123 g. of isopropyl bromide in 150 cc. of dry ether, and 
110 g. pf allyl bromide in 250 cc. of ether. It was converted

g 
(in ether solution) into the 

dibromide and the latter dehalogenated with zinc and alcohol. The weight of olefin, 
b. p. 52.5-54.5', was 33 g. Based on the allyl bromide, this represents a 43y0 yield. 

Method of Heating.-Except for the manner of introducing the liquid hydro- 
carbons a t  a uniform rate into the unpacked Pyrex reaction tube, namely, by displace- 
ment with mercury, the method of heating and of collecting the products was very simi- 
lar t o  that  described for isobutylene.1° The data from some representative experiments 
are summarized in Table I. 

I n  several experiments with diallyl, the gases were passed through bromine in car- 
bon tetrachloride. In  a typical case, 21.5 g. of liquid, b. p. 139-140°, n2: 1.5206, was 
formed. These data characterized the liquid as 90% propylene bromide and 10% 
ethylene bromide There was about a gram of residue, 0.9 g. of which was butadiene 
tetrabromide, m. p. 114". Allene tetrabromide was not formed. 

(5) Carnahan and Hurd, THIS JOURNAL, 52, 4586 (1930). 
(6) Hurd and Spence, ibid , 51, 3568 (1928); Hurd and Meinert, zbtd . ,  52, 4982 (1930). 
(7) Wittig and Leo, Ber., 63, 943 (1930). 
(8) Diallyl, Cortese, THIS JOURNAL, 61, 2267 (1929), allylcyclohexane, Resseguier, Bull. soG. 

chim., 141 7, 431 (1910); 4-phenyl-1-butene, LCvy and Sfiras, Comfit. rend., 184, 1335 (1927). 
(9) Boord and co-workers, THIS JOURNAL, 6'2,3396 (19301, 54,754 (1932) 

(10) Hurd and Spence, ibid., 61, 3563 (1929) 
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Some gas from a 500" run was cooled by liquid air. The condensate was distilled, 
the first fraction including everything from - 190 to -80 O (200 cc.) and the second from 
-80" to room temperature (300 cc.). Propylene, ethylene, methane and ethane (n 
in CnH2n +% was 1.23) were found in the first fraction. The last fraction contained much 
more propylene and a little ethane (n = 2.04). Propane and butane were not indicated. 

A trace of butadiene (but no allene) was also found by brominating the gases from 
4-methyl-1-pentene or allylcyclohexane. The saturated hydrocarbons from 4-methyl-l- 
pentene were methane and ethane. No liquid (propane or butane) condensed from it 
a t  -80°. 

Liquid Products.-The extent of the decomposition was determined by distilling 
off the unused hydrocarbon from the condensed liquids. Obviously this method lacked 
the precision which was possible in work with gaseous hydrocarbons. From a 500" 
run with diallyl, the 16.1 g. of liquid gave these fractions: (OC., g, ny)  58-60,4.4,1.406; 
60-65, 3.7, 1.414; 65-75, 2.7, 1.440; above 75, 1.2, 1.465; and 4.2 g. of residue. In 
another run (485O), 8.97 g. in a 58-67" fraction was mixed with aniline and refraction- 
ated: (b. p., nZi) 58-60, 1.401; 60-63, 1.416; 63-69, 1.423. The 58-60" fraction was 
airnost pure diallyi. A littie of it, added to a mixture of 4 cc. of an ether solution of 
tetranitromethane and 2-3 drops of pyridine, caused no immediate coloration but in 
fifteen minutes a yellow-green color developed.ll In contrast, the other fractions pro- 
duced an almost immediate brown coloration. This may point to a conjugated hexa- 
diene. 

The high boiling residue from diallyl gave a solid, m. p. 47O, on bromination. Its 
bromine content was 66.3% and its molecular weight 476. This would be satisfactory 
for C12H20Br4, ClaHl8Br, or C12HlJ3r,.12 The liquid and gaseous products were not 
markedly affected by the presence of magnesiumlqn the reaction tube. 

Distillation of the liquids from allylcyclohexane gave volatile hydrocarbons (b. p. 
70-145'), then recovered allylcyclohexane (145-150 O), finally a tarry residue which was 
4-5 times heavier than the volatile portion. The latter contained14 aromatics, cyclo- 
alkanes and lesser amounts of cycloalkenes. The refractive index (20') of the 78-85" 
fraction was 1.463, suggesting about equal parts of benzene and cyclohexene. 

Fractionation of the liquids from the 550" run with Cphenyl-1-butene gave 9.7 
g. of benzene and toluene; 6 g. between 115-170'; 6.7 g., 170-178" (na$ 1.5225); 5 g., 
178-185" (n? 1.5268); 19.2 g. of residue about half of which was naphthalene. Some 
stilbene was also isolated from the residue. The 170-178" fraction contained the 
phenylbutene, but its high refractive index denoted a contaminant. 

Summary 

The pyrolysis of diallyl, 4-methyl-1-pentene, allylcyclohexane and 
4-phenyl-1-butene was studied. All of these gave a predominating quan- 
tity of propylene as a gaseous product and none gave any allene. Liquid 
products were formed which pointed to isomerization, dehydrogenation and 
polymerization processes. A mechanism for these observations is outlined 
which also incorporates facts of other varied experiments on pyrolysis. 

EVANSTON, ILLINOIS RECEIWD JULY 5,1932 
PUBLISHED FEBRUARY 9,1933 

(11) Werner, Ber., 42,4324 (1909), observed a yellow coloration with amylene. 
(12) Compare Lebedev, J .  Russ. Phys.-Chem. Sod., 46, 1249 (1913). for diallyl polymers obtained 

by heating diallyl for ten hours at 250'. 
(13) For its effect on the dry distillation of rubber, which also contains a -C=C-C-C-C=C- 

skeleton, see Midgley and Henne, Tnrs JOURNAL, 61,1285 (1929). 
(14) The method of Egloff and Morrell [Ind. Eng. Chem., 18, 354 (1926)] was used. 



The Grignard Reaction in the Synthesis of Ketones. I. A 
New Method of Preparing Desoxybenzoins 

In order to facilitate certain studies, some of which have been pub- 
li~hed,",~ dealing with desoxybenzoins a general method of synthesizing 
this interesting class of ketones was sought. 

The object of this report is to describe a method that is more generally 
applicable than the usual ones and which appears to be entirely reliable in 
its indication of structure. Briefly, the method, which is an adaptation 
with certain improvements of that of BCis2 for preparing aliphatic ketones, 
consists in condensing primary benzamides with benzylmagnesium halides. 
In order to obtain the maximum yields, however, there are two conditions 
to be observed: three to four equivalents of the halide to one of the amide 
must be used and long heating of the reactants is necessary. 

In this manner benzyl phenyl, benzyl m-chlorophenyl, benzyl p-methoxy- 
phenyl, o-chlorobenzyl p-methoxyphenyl and pchlorobenzyl p-methoxy- 
phenyl ketones were obtained in satisfactory yields. 

Although rearrangements are known to take place when benzylrnag- 
nesium halides are condensed with certain  substance^,^ no evidence of any 
abnormal product was obtained in this work. Where possible the products 
were compared directly with the desoxy ketones obtained in the reduction 
of the corresponding benzoins but since most of the latter compounds were 
either not available or have not been described, this procedure was supple- 
mented by the Beckmann rearrangement of the ketoximes4 The struc- 
tures of the resulting anilides were then established by comparison with 
authentic samples. When prepared according to the directions given be- 
low the oximes are all of the anti-benzyl type. 

Experimental 
Preparation of Ketones 

Apparatus and Method.-A 500-cc. three-necked, round-bottomed flask is fitted 
with a mechanical stirring apparatus, a dropping funnel, and a condenser to which is at- 
tached a drying tube. A very satisfactory heater may be made by inserting an electric 
bulb in the apex of an inverted cone of asbestos paper the base of which is placed under 
the flask. When mounted on a single ringstand the apparatus is compact and con- 
venient. 

After placing the required amount of thin, bright magnesium turnings and a small 
crystal of iodine in the flask and connecting the various parts, the apparatus is swept 
out with dry hydrogen. A solution of the benzyl halide in 100 to 125 cc. of ether is 

(1) (a) Jenkins. THIS JOURNAL, 53, 3115 (1931); (h) ibid., 54, 1155 (1932). 
(2) Beis, Compl. rend., 137, 575 (1903). 
(3) Austin and Johnson, THIS JOURNAL, 54, 647 (1932). 
(4) Giinther, Ann., 252, 68 (1889). 



PREPARATIONAL DATA AND CONSTANTS OF KETONES WITH MOLECULAR WEIGHTS AND ANALYSES 2 
M. P., Chlorine, % 5 

Grignard Yield, OC. Mol. wt. (Rast) (Parr bomb) 
Amide reagent Letter Ketone % (corr.) Cdlcd Found Formula Calcd. Found 

CrH5CONH, CeH6CHtMgCI A CsHsCOCH2CsHs 7'7 57 . . . . . . . . . . . .  . . . . . . 
nz-CICeHaCONHz CsH5CHzMgCl B ~ - C I C ~ H I C O C H ~ C ~ H ~  72 62 230.5 226 C rfHilCl0 15 37 15.58 
p-CHsOC6H4CONH2 C6H5CH2MgCI C P-CHsOC6HaCOCH2CsH. 74 77 226 228 . . . . . . . . . . . .  
9-CHsOCeH,CONH2 0-C1CdH5CHzMgBr D5 @-CHSOCBH~COCH~C~H~C~-O 55 97.5 260.5 247 C>6H,aC10, 13 60 13.72 
p-CHaOCeHaCONHz 9-C1CsH4CHzMgBr E ~ - C H ~ O C ~ H ~ C O C H I C B H ~ C ~ - ~ ~  66 137.5 260.5 266 CISH~~CIOI 13 60 13.81 

The reactants were employed in the ratio of 0.050 mole of amide to 0.20 mole of Grignard reagent and were heated for forty to forty- 
eight hours. Ketones A, B, and C were obtained as white plates, D as white cubes and E as white diamond-shaped plates. 

The yields are based on the amides and represent material that was crystallized once froni alcohol. Ketone B is soluble in ether and 
benzene, fairly soluble in 80% alcohol and may be conveniently crystallized from ligroin (Skelly Solve "C"). E is sparingly soluble in 
ether and alcohol and is best purified by crystallization from benzene-petroleum ether solution. rn 

2 
The amides were obtained in the usual manner from the corresponding acids. "Baker's c. P. Analysed" benzyl chloride and Eastman 3 

best grade of o- and p-chlorobenzyl bromides were used in this work. 2 
Ketone A was found to be authentic by comparison with desoxybenzoin obtained in the reduction of benzoin. Ketone C proved to be 

identical with one of the reduction products of benzanisoin.lb V, 
L( 

The molecular weights were obtained by means of the Rast method using borne01 instead of camphor. k? 

Phenyl M. P., Chlorine, % M. P., Chlorine, % 
Prom ketoxime. Yield, "C (Parr bomb) Yield. OC. (Parr bomb) 
ketone Anti yo (corr.) Formula Calcd. Found Anilide % (corn.) Formula Calcd. Found 

A Benzyl- 90 98 Phenylacet- 60 117.5 
B Benzyl-m-chloro- 92 120 C I ~ H ~ ~ N C I O  14.47 14.41 Phenylacet-m-chloro- 65 95 ClrHiiNClO 14.47 14.57 
C Benzyl-p-methoxy- 95 118.5 Phenylacet-p-methoxy- 60 124 
Us o-Chlorobenzyl-p- o-chlorophenylacet- 

methoxy 93 99 CiaHidNClO? 12.86 12.93 9-methoxy6 60 166 C1sHidNCl0p 12.86 12.92 
E p-Chlorobenzyl-p- p-Chlorophenylacet- 

methoxy 88 138.5 C16H14NC102 12.86 12.91 9-methoxy- 60 184 ClsHirNClO* 12.86 13.07 
The oximes were all obtained as white needles. Anilides A and C crystallized as white plates, B and D as white needles while E con- 

sisted of white leaflets. 

(5) Buck and Ide, THIS JOURNAL, 53, 1536 (1931). 
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placed in the dropping funnel and a small portion (10-15 cc.) added to the magnesium. 
The flask is now heated until the reaction is under way, after which the heat is cut oZf 
and the stirrer started. The solution is added a t  such a rate that gentle refluxing of the 
ether is maintained. After the addition the stirring is co~ititlued until the solution cools. 
The dropping funnd is now replaced by a ctak and by means of a Iong-handled spatula 
the dry, finely-powdered amide is added in portions, the rate of addition being deter- 
mined by the vigor of the reaction. The heat is now turned on and the solution allowed 
to reflux with occasional stirring for the required time. 

The complexes were decomposed by pouring the solutions into 200 g. of a slush of 
ice and water containing 20 g. of sulfuric acid. After standing a t  room temperature 
for an hour the ethet was separated. The wgter layer was heated on the hot-plate for 
half an hour, cooled and extracted with ether. In this way an additional portion of 
ketone was obtained. The ether extracts were then combined and steam distilled. 
On cooling the yellow residue solidified and was crystallized from alcohol. 

Ketones C, D and E, not being very soluble in ether, usually separated in part when 
the complexes were hydrolyzed. 

Preparation of 0ximes.-The oxirnes were prepared by mixing 2.00 g. each of 
ketone and hydrovylamine hydrochloride, 3.20 g. of potassium acetate and 40 cc. of 
alcohol. After standing overnight a t  room temperature the mixture was heated on the 
water-bath under reflux for three hours. Hot water was then added until a clear 
solution was obtained and a faint opalescence appeared. The solution was then set 
aside in a cool place and after several hours the crystals were iiltered. Further crops 
were obtained by adding cold water to the filtrates. 

The oximes of ketones C and E were also prepared by using 20 cc. of pyridine in- 
stead of the alcohol and potassium acetate, with identical results. 

Preparation of Anilides 

1. By Rearrangement of the 0ximes.-To 1.00 g. of oxime dissolved in 30 cc. of 
absolute ether about 1.50 g. of powdered phosphorus pentachloride was added portion- 
wise. The solution was shaken and kept cold during the addition. After standing a t  
room temperature for half an hour the mixture was poured into 100 cc. of cold water and 
the ether driven off by means of a stream of air. The crude arlilide was then separated 
and washed with water. 

2. By Synthesis from the Acids or Acid Chlorides and the Corresponding Ani- 
lines.-(a) Anilides A, B and C were prepared in the Schotten-Baumann manner by 
mixing phenylacetyl chloride and the corresponding anilines. 

(b) Anilides D and E were obtained from o- and p-chlorophenylacetic acids6 
and p-anisidine by heating the mixture in an oil-bath a t  180-200 O for two hours 

The anilides as obtained by either method (1 or 2) were recrystallized from dilute 
alcohol until pure. Their identity was established by their mixed melting points and 
crystalline structures. 

Acknowledgments 
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Summary 
A new method of synthesizing desoxybenzoins which appears to be of 

wide application has been described. 
(6) Mehner, J .  orakt. Chern., 62, 554 (1900). 



From the appropriate primary benzamides and benzylmagnesium halides 
benzyl phenyl, benzyl m-chlorophenyl, benzyl p-methoxyphenyl, o-chloro- 
benzyl p-methoxyphenyl and p-chlorobenzyl p-methoxyphenyl ketones 
have been obtained in satisfactory yields. 

No evidence of rearrangements has been obtained in this type of Grignard 
reaction. 

Six new compounds were prepared and characterized. 
BALTIMORE, MARYLAND RECEIVED JULY 16, 1932 
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[CONTRIBUTION FROM TEE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

Stereochemistry of Diphenyls. XXV1I.l Comparison of the 
Racemization of 2,Z1-Difluors-6,Q1-dicarboxydiphenyl and 

2,2 '-Dimethoxy-6,6'-dicarboxydiphenyl 

The methoxyl group has been shown in previous researches to have a 
smaller interference effect when substituted in the 2,2',6,6' positions than 
had a t  first been predicted. It was found impossible to resolve 2,2'- 
difluoro-6,6'-dimethoxy-3,3'-dicarboxydipheny13 and the active 2-nitro-& 
carboxy-2'-methoxydiphenyl was very readily ra~ernized.~ The relative 
interference value of the methoxyl was thus revised from 1.56, as a t  first 
estimated, to 1.45. The latter value would conform to all the facts thus 
far assembled in connection with various hydroxylated and methoxylated 
diphenyls; the interconversion of the cis to the trans isomers of di-(3- 
bromo-2,4,6-trimethy1phenyl)2-5-dihydroxybenzoqinone6 (interference on 
each side 0.135 A.), the non-existence of two isomers in di-(2,4-dimethyl- 
pheny1)-2,5-dihydroxybenzoquinoneB (interference on each side, -0.265 A.) 
and in 2,2'6,6'-tetramethoxy-3,3'-dicarboxydipheyl (interference on 
each side, 0.00 A.)? 

A more direct comparison of the methoxyl group and fluorine atom has 
now been made by the study of 2,2'-difluoro-6,6'-dicarboxydiphenyl (VI) 
and 2,2'-dimethoxy-6,6'-dicarboxydiphenyl. The two diastereoisomeric 
salts of each compound were isolated and from these the two active acids 
of each of the two diphenyls. 

The active 2,2'-difluoro-6,6'-dicarboxydiphenyl was completely race- 
(1) For paper XXVI see Yuan and Adams, Tars JOURNAL, 54,4434 (1932). 
(2) The experimental work on the fluorine derivatives was done by W. M. Stanley; that on the 

dimethoxy derivatives by Edward McMahon and was presented by him in a thesis for the Degree of 
Doctor of Philosophy in Chemistry a t  the University of Illinois. 

(3) Becker and Adams, THIS JOURNAL, 54, 2973 (1932). 
(4) Stoughton and Adams, rbid.,  54, 4426 (1932). 
(5) Shildneck and Adams, ibid., 53, 343, 5303 (1931). 
(6) Unpublished results of G. C. Finger. 
(7) Unpublished results of M. C. Cupery. 



Feb., 19.13 STEREOCHEMISTRY OF I~ IPHEN~LS.  XXVIT 707 

mized when heated on a steam cone for eight minutes in 0.1 N sodium 
hf;droxide and a marked diminution in rotation occurred when allowed to 
stand for one week at  2b0 in 0.1 N sodium hydroxide. Complete racemiza- 
tion occurred in boiling alcohol in about two hours and in boiling acetic 
anhydride in ten minutes, and partial racemization was caused by boiling 
in glacial acetic acid for five minutes aad by standing for one week a t  25' 
in absolute ethyl alcohol containing 40% hydrochloric acid. 

On the other hand, the active 2,2'-dirnetho~y-6,6~-dicarboxydiphenyl 
racemized much more slowly, giving the following half-life periods: in 
boiling 0.1 N sodium hydroxide, seven hours and fifty minutes; in boiling 
sodium ethylate, eleven hours; in boiling glacial acetic acid, seventy-eight 
minutes; and in boiling alcohol about sixty hours. 

The fluorine therefore is a considerably smaller interfering group than 
the methoxy1. On the basis of calculated values previously used, the inter- 
ference in the 2,2'-difluoro would be 0.05 A.; in the 2,Zt-dimethoxy, 0.11 A. 
on each side of the molecule if the value of 1.45 A. for the methoxyl is 
adopted. 

The discrepancy between the racemization rates of active 2,Z'-di- 
methoxy-6,6'-dicarboxydiphenyl and of active Z-nitr0-6-carboxy-2~-rneth- 
oxydipheny14 corresponds to the observed fact that for the same interference 
value, the rate of racemization of a 2,Z1,6-trisubstituted compound is more 
rapid than that of a 2,2',6,6'-tetrasubstituted c ~ m p o u n d . ~ ~ ~  

The active esters and amides of 2,2'-dimethoxy-6,6t-dicarboxydiphenyl 
were prepared and their rates of racemization determined. In glacial 
acetic acid, the half-life period values of the acid, ester and amide were 
seventy-eight, eighty-eight, and two hundred and forty minutes, respec- 
tively. The atom or group combined to the atom which is attached to the 
ring thus plays an appreciable part in the interference value of the whole 
group. A comparison is now being made of various esters and substituted 
amides of 2,Z'-dimethoxy-6,6'-dicarboxydiphenyl to determine the relative 
effects of these groups. 

Experimental 
The difluoro acids was prepared from 1-nitro-2-iodo-3-carboxybenzene (111) by a 

series of reactions of which the stages are shown by the accompanying formulas. 
Certain steps in this procedure are of particular interest. Kenner reported that 

acid reducing agents could not be used on (I) on account of the activity of the iodine 
atom. Nevertheless, it was found that the reduction could be accomplished by the 
action of stannous chloride and hydrochloric acid either with or without a little alcohol. 
The amino group could not be replaced by fluorine using the usual procedure through 
treatment of the diazonium chloride or diazonium fluoride with hydrofluoric or hydro- 

(8) Kenner and Turner [Chem. b' Ind.,  46,218 (1927)l mentioned their intention of preparing 2,2'- 
difluoro-6,6'-dicarboxydiphenyl but as no description has appeared to date, i t  has been assumed tha t  
this particular research has been abandoned. See also Stanley and Adams, Trxs JOURNAL, 52, 1200 
(1930). 
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borofluoric acid. Only by diazotization of the amino acid in 48% hydrofluoric acid and 
by then allowing the diazonium fluoride to stand for a considerabk t i ne  a t  room ten,- 
perature was the fluorine introduced. 

1-Methoxy-2-nitro-3-carboxybenzene.-In a 3-liter three-necked flask, equipped 
with a stirrer and a reflux condenser, were placed 50 g. of 1-methyl-2-nitro-3-methoxy- 
benzene

Q 

and a solution of 160 g. of potassium permanganate in 2 liters of water. The 
mixture was refluxed, with stirring, for twelve hours. The manganese dioxide was re- 
moved by filtration and the filtrate concentrated to  about 500 cc. The unoxidized ma- 
terial steam distilled during this process. Upon cooling and acidifying with 1Oy0 sul- 
furic acid 1-methoxy-2-nitro-3-carboxybenzene precipitated and was purified from 400 
cc. of 95% alcohol. The yield was 26 g. (5873 of a product melting a t  256-257" (corr.). 
Riechelo reports a m. p. of 251 ". 

1-Methoxy-2-amino-3-carboxybenzene.-A solution of 4 g. of the nitro acid in 100 
cc. of hot 95% alcohol was reduced with 0.2 g. of platinum oxide and hydrogen a t  2.5 
atm. pressure in five minutes. A total of twenty-five such reductions was made, six 
to  a single sample of catalyst. The alcoholic solution of all the l-methoxy-2-amino-3- 
carboxybenzene thus obtained was filtered from the platinum and the alcohol distilled 
until the volume of the residual solution was about 600 cc. Upon cooling, 66 g. of tan- 
colored amino acid separated. Recrystallization from 95yo alcohol raised the melting 
point to  171-172' (corr.). The mother liquor was evaporated to 300 cc. and cooled and 
a second crop of crystals obtained. The total yield was 71.5 g. (84%). Pschorr" 
reports m. p. 169-170'. 

1-Methoxy-2-iodo-3-carboxybenzene.-To an  ice-cold suspension of 60 g. of 1- 
methoxy-2-amino-3-carboxybenzene in 500 cc. of water containing 51 cc. of concentrated 
sulfuric acid was added, with stirring, a solution of 24.8 g. of sodium nitrite in 60 cc. of 
water. Stirring was continued in the cold for thirty minutes and the solution was then 
added, with stirring, to  a boiling solution of 60 g. of potassium iodide in 200 cc. of water 
in a 3-liter three-necked flask equipped with a reflux condenser and a mechanical stirrer. 
The mixture was refluxed with stirring for thirty minutes while the evolution of nitrogen 
was vigorous and then allowed to cool (stirring continued) to room temperature. The 
product separated and was crystallized from 95% alcohol. The yield was 68 g. (68%) 
of a product melting a t  148-149" (corr.). Kenner and Turner

Q 

report a melting point 
of 150-151 ". 

1-Methoxy-2-iodo-3-carbomethoxybenzene.-The acid was esterified with absolute 

(9) Kenner and Turner, J. Chem Soc., 2340 (1928). 
(10) Rieche, Ber., 22,2352 (1889). 
(11) Pschorr, Ann., 391, 27 (1912). 
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methanol containing a little concentrated sulfuric acid. The yield was 44.5 g. (96%). 
Upon recrystallization from 95y0 alcohol, white crystals melting a t  56-57 O were formed. 
(Kenner and Turners report a melting point of 57O.) The ester was used without re- 
crystallization for the preparation of 2,2'-dimethoxy-6.6'-dicarbomethoxydiphenyl. 

2,2'-Dimethoxy-6,6'-dicarbomethoxydiphenyl-By heating 5 g. of I-mcthony -2- 
iodo-3-carbomethoxybenzene and 10 g. of copper powder in a metal bath a t  205-215 
for one hour, extracting with boiling benzene and ether and evaporating, the product was 
obtained; yield, 16 g. from seven runs. I t  was purified by crystallization from benzene, 
m. p. 136-137O (corr.). 

2,2'-Dimethoxy-6,6'-dicarboxydipheny1.-The acid was obtained by the action of 
alcoholic potassium hydroxide on the ester. I t  was recrystailized from 95Yo aicohol. 
The yield was 12.3 g. (goy0) of product melting at  293-294'. Kenner and Turner

g 
re- 

port a melting point of 288-290 ". 
Resolution of 2,2'-Dimethoxy-6,6'-dicarboxydiphenyl 

Monobrucine Salt.-To a hot solution of 1.305 g. of anhydrous brucine in 30 cc. of 
dry ethyl acetate was added a hot solution of 0.500 g. of 2,2'-dimethoxy-6,6'-dicarboxy- 
diphenyl in 25 cc. of absolute methyl alcohol. Upon cooling for five hours a crop of 
fine white crystals weighing 0.96 g. separated. After recrystallization from absolute 
methyl alcohol the salt melted a t  198-199 O (corr.). 

Rotation. 0.2000 g. made up to 20 cc. in chloroform at 20' gave or, +0.235O; 1 = 

2; +11.7'. Recrystallization from absolute methyl alcohol did not raise the 
melting point or change the rotation. 

Kenner and Turner
Q 

report the preparation of this compound and give a melting 
point of 268" but do not report its rotation. 

Anal. Calcd. for C ~ ~ H ~ Q O ~ Q N ~ :  N, 4.02. Found: N, 4 02. 

The remaining material which separated upon further evaporation of the solvent 
was found to be a mixture of the salt with unchanged brucine. 

Diquinine Salt.-To a hot solution of 12.88 g. of anhydrous quinine in 80 cc. of 
absolute methyl alcohol was added a hot solution of 6 g. of 2,2'-dimethoxy-6,6'-dicar- 
boxydiphenyl in 170 cc. of absolute methyl alcohol. Upon evaporation in vacuo a t  room 
temperature a dry residue was obtained which was heated to boiling with 200 cc. of dry 
acetone. Upon cooling, 9.79 g. of white crystals separated. After recrystallization 
from dry acetone, the salt melted a t  178-179" (corr.). 

Rotation. 0.2045 g. made up to 20 cc. in chloroform at 20' gave or, +2.27'; 1 = 

2; [or12; + l l l . O O .  The salt, upon recrystallization from dry acetone, was not changed 
in melting point or rotation. Kenner and Turner

g 
report a melting point of 172-173" 

and an [a], in chloroform of 4-126 ". 
Anal. Calcd. for C66H62Ol~4: N, 5.90. Found: N, 5.80. 

The mother liquor from the first crop of crystals was evaporated to 50 cc. by bub- 
bling nitrogen through the solution. Upon cooling, 0.30 g. of salt separated. This was 
removed by filtration. The mother liquor was evaporated to dryness. The residue 
consisted of a resin which, when the last traces of solvent were removed, formed a white 
powder. The salt could be dissolved in acetone or ethyl acetate and precipitated as a 
white, flocculent mass by addition of petroleum ether (b. p. 20-40°). Upon filtration, 
however, this solid turned to a gummy mass which reverted to a white powder when all 
traces of the solvent were removed. The salt melted at  98-100' (corr.). The weight of 
salt thus obtained was 8.5 g. 

Rotation. 0.1550 g. made up to 20 cc. in chlorofornl at 20' gave a, -0.93O; 1 = 
2; [or12; -60°. 

Anal. Calcd. for C50H6201~N4: N, 5.90. Found: N, 5.93. 



Kenner and Turners report that the more soluble salt melts at  about 60" with de- 
composition and has an [aID in chloroform of -68'. 

2-2,2'-Dimethoxy-6,6'-dicarboxydiphenyl. mixture of 3 g. of the less soluble salt 
and 40 cc. of 5% sodium hydroxide solution was ground in a mortar. This mixture was 
extracted with four 15-cc. portions of cold chloroform. The alkaline solution was then 
acidified with 6 N hydrochloric acid. The 1-acid precipitated as a white spongy mass 
which was filtered and dried. After drying, the compound was crystalline and melted 
a t  291-292 '. 

Rotation. 0.0766 g. made up to 20 cc. in dry acetone a t  20' gave a, -0.88'; 1 = 

2; [aI2: -114.9'. 
Kenner and Turner9 report a melting point of 294-295' and an [a], -115 '. 
The active acid was recrystallized from boiling chloroform, but apparently race- 

mized somewhat during the procedure. 
Rotation. 0.0785 g. made up to 20 cc. in dry acetone at  20' gave cu, -0.70'; 1 = 

2; [aI2t!? -89.5'. 
If the Z-acid was dissolved in dry acetone and excess petroleum ether (b. p. 20-40 ") 

---- wda .. added, feathery crystals separated after standing in the coid for two hours. The 
melting point and rotation were unchanged by this treatment. 

Anal. Calcd. for CieH~rOe: C, 63.6; H, 4.64. Found: C, 63.7; H, 4.57. 

d-2,2'-Dimethoxy-6,6'-dicarboxydipheny1.-Three grams of the more soluble salt 
was decomposed by the procedure used for the less soluble salt. The d-acid obtained in 
this way melted at 291-292". 

Rotation. 0.0737 g. made up to 20 cc. in dry acetone at  20'. gave a,, +0.80°; E = 
2; [aI2i? +108.5'. 

The d-acid was recrystallized from boiling chloroform. Partial racemization took 
place. 

Rotation. 0.0717 g. made up to 20 cc. in dry acetone a t  20' gave aD +0.62O; 1 = 
2; [aI2: +86.5'. 

The d-acid was then purified by dissolving in dry acetone and adding excess pe- 
troleum ether. The product had the same melting point and rotation. 

Anal. Calcd. for Cl~H~dOe: C, 63.6; H, 4.64. Found: C, 63.61; H, 4.77. 

Racemization Experiments.-Only a few of the readings taken during the racemiza- 
tion experiments are given. Many more were recorded and from all of them the half- 
life periods were calculated. 

In Sodium Hydroxide 

Rotation. 0.0967 g. made up to 20 cc. in 0.1 N sodium hydroxide a t  20' gave a, 
-2.60'; 1 = 2; [a]: -269'. After refluxing for fifty-five minutes the rotation waq 
-256 O; after eight hours, - 137.5'; after twenty-three hours. - 16.6 "; after twenty-six 
hours, - 10.3 "; and after twenty-nine hours the rotation was zero. The half-life period 
was seven hours and fifty minutes. 

In Sodium Ethylate 

A solution of sodium ethylate was prepared by dissolving 0.50 g. of sodium in 100 
cc. of absolute alcohol. 

Rotation. 0.0678 g. of 1-acid made up to 20 cc. in sodium ethylate solution at  20" 
gave a~ -0.83'; 1 = 2; [a]': -121.8'. After refluxing for two hours the rotation was 
-108'; after nine hours and thirty minutes, -67.8'; after twenty-three hours and 
thirty minutes, -36.9'; and after forty-four hours and thirty minutes, -3.9'. The 
half-life period was eleven hours. 



In Ethanol 

Rotat i~n.  0.0880 g. made up to 20 cc. in 95% alcohol at 20 gave a, -- 1 I9 '; I = 

2; [a]': -135.5'. After refluxing for forty-five minutes the rotation was -133O; 
after. eight hours and twenty-five minutes, -125'; after twenty-nine hours and thirty 
minutes, -99". The half-life period was sixty-one hours and thirty minutes. 

In Glacial Acetic Acid 

Rotation. 0.0670 g. made up to 20 cc. in glacial acetic acid a t  20" gave or, -1.13 O ;  

I = 2; [a j2$ - 168.5 ". After refluxing for two hotlrs and thirty minutes the rotation 
was -49.2 O; after four hours, -20.9 "; after five hours and forty-five minutes, - 5.5 O ;  

and after seven hours and fifteen minutes the rotation was zero. The half-life period 
was seventy-eight minutes. 

Unfortunately racemization tests in chloroform could not be performed since the 
active acids were soluble only in boiling solvent. The recrystallization of the active 
acids from chloroform indicated a more rapid racemization than in the other solvents. 

2-2,2'-Dimethoxy-6,6'-dicarbomethoxydipheny1.-n a side-arm test-tube was placed 
1 cc. of thionyl chloride and 0.2 g. of I-2,2'-dimethoxy-6,6'-dicarboxydiphenyl having a 
rotation of - 114.9'. The tube was stoppered and after standing a t  room temperature 
for two and one-half hours, the excess thionyl chloride was removed by suction. The 
residual acid chloride was treated with 3 cc. of absolute methyl alcohol and allowed to 
stand for two hours. The methyl alcohol was then evaporated and the crystalline ester 
was washed with 0.1 N sodium hydroxide and then with water. The I-ester melted a t  
101-102 ". 

Rotation. 0.0560 g. made up to 20 cc. in absolute methyl alcohol a t  20' gave or, 
-0.78"; 1 = 2; [a]': -139". The solution was evaporated to the appearance of 
crystals. The material which separated had the same melting point and rotation. 

Anal. Calcd. for ClsH~so~: C, 65.5; H, 5.45. Found: C, 65.7; H, 5.67. 
d-2,2'-Dimethoxy-6,6'-di~arbomethoxydiphenyI.-The d-ester was prepared in a 

similar manner from a sample of d-acid having a rotation of f86.5". The d-ester thus 
obtained melted a t  98-99 O. 

Rotation. 0.0530 g. made up to 20 cc. in absolute methyl alcohol a t  20' gave 
4~ +0.70 O; 1 = 2; [al2; +132O. The methyl alcohol was evaporated to the appearance 
of crystals. The material thus obtained had the same melting point and rotation. 

Anal. Calcd. for ClsH~sOe: C, 65.5; H, 5.45. Found: C, 65.64; II, 5.72. 

Racemization Experiment 

Rotation. 0.0508 g. made up to 20 cc. in glacial acetic acid a t  20" gave a,, -0.886 "; 
I = 2; [a]2$ -174.5'. After refluxing for forty-five minutes the rotation was - 122.5 O; 
after three hours and fifty minutes, -27.6'; after five hours and fifty minutes, - 11.8". 
Refluxing was then continued overnight to complete the racemization. The acetic acid 
was then evaporated and the ester thus obtained melted at  135-136O (the m. p. of the 
racemic ester). The half-life period was eighty-eight minutes. 

1-2,2'-Dimethoxydiphenyl-6,6'-dicarboxylic Acid Amide.--The acid chloride pre- 
pared as described under the ester was poured slowly into 5 cc. of ice-cold aqueous am- 
monia (sp. gr. 0.9). Upon standing in the cold for six hours the amide separated as long 
needles which were filtered and dried. The 2-amide melted at 230-231 (corr.). 

Rotation. 0.0338 g. made up to 20 cc. in absolute methyl alcohol a t  20" gave a, 
-0.185"; 2 = 2; [aI2$ -54.8". 

The amide was recrystallized from absolute methyl alcohol. The melting point and 
rotation were unchanged. 

Anal. Calcd. for CleHleO4Nz: N, 9.33. Found: N, 9.33. 



The d-amide obtained by a similar procedure melted a t  230-231 " (corr.). 
Rotation. 0.0190 g. made up to 20 cc. in absolute methyl alcohol a t  20' gave a, 

+ 0.102'; 1 = 2;  [a]': 4-53.6'. The amide was recrystallized from absolute methyl 
alcohol. The melting point and rotation were unchanged. 

Anal. Calcd. for C1sHlr04Nz: N, 9.33. Found: N, 9.31. 

Racemization Experiment 

Rotation. 0.0582 g. of the I-amide made up to 20 cc. in glacial acetic acid a t  20° 
gave a, -0.38"; 1 = 2; -65.3'. After refluxing for one hour and fifteen min- 
utes the rotation was -51.5"; after four hours and fifteen minutes, -29.2"; after nine 
hours, -17.2'. Refluxing was then continued overnight, after which time the rotation 
was zero. The half-life period was four hours. The solvent was evaporated and the 
racemic amide thus obtained melted a t  271-272 ". A mixed melting point determination 
with racemic amide prepared from the racemic acid showed no depression. 

2,2'-Diiethoxydiphenyl-6,6'-dicarboxylic Acid Amide.-The racemic amide was 
prcparec! frani racemic 2,2'-dimethoxy-6,Gf-dimrboxydiphenyl as described for the active 
acids, except that refluxing was necessary to form the acid chloride readily. The amide 
was recrystallized from 50% alcohol using norite. The melting point was 273-274 ". 

Anal. Calcd. for CleH1604N2: N, 9.33. Found: N, 9.48. 
I-Nitro-2-iodo-3-carboxybenzene (I).I2--This compound was produced by the 

method of Culhane and Whitmore in 65-75y0 yields. 
I-Amino-2-iodo-3-carboxybenzene (II).-A solution of 320 g. of stannous chloride 

in 320 cc. of concentrated hydrochloric acid was warmed to 60 O, and 40 g. of powdered 
1-nitro-2-iodo-3-carboxybenzene was added with stirring. Sufficient ethyl alcohol 
(about 40 cc.) may be added with stirring if the reduction does not start (much larger 
amounts of alcohol caused diminution in yield). The mixture was stirred continuously 
and cooled sufficiently to maintain the temperature between 60 and 75". After stand- 
ing for an hour the mixture was cooled and the precipitated tin salt was removed by fil- 
tration with suction. The yield of double tin salt was 80 g. The run was repeated twice 
and the total 240 g. of double tin salt was treated with 750 cc. of water and sufficient 
aqueous ammonia to obtain an alkaline reaction. The mixture was heated to boiling, 
cooled and the curdy white precipitate of stannic oxide was removed by filtration with 
suction. The precipitate was washed with dilute aqueous ammonia and finally with 
water. The washings were added to the main portion and heated to boiling, cooled 
and filtered. The filtrate was made barely neutral with concentrated hydrochloric acid. 
The precipitated amino acid was filtered with suction and dried. The yield was 70.5 
g. (68%). The crude product was pursed by recrystallizing twice from 20% ethyl 
alcohol and formed purplish-gray needles, m. p. 133" (cort.). The amino acid was in- 
soluble in cold but soluble in hot concentrated hydrochloric acid. On cooling, the 
hydrochloride of 1-amino-2-iodo-3-carboxybenzene crystallized out as fine granules 
which, when pure, start to decompose under 100" and finally melt with decomposition 
a t  263-264". The hydrochloride was readily soluble in water 

Various attempts to reduce 1-nitro-2-iodo-3-carboxybenzene with ammoniacal 
ferrous sulfate were unsuccessful. The catalytic reductions with platinum black in hot 
and cold alcohol, ethyl acetate and glacial acetic acid all resulted in the formation of 
reddish, insoluble material. Catalytic reduction of the ethyl ester gave negative re- 
sults. Reductions using zinc dust and acetic acid, and zinc dust and hydrochloric acid, 
were unsuccessful. 

I-Fluoro-2-iodo-3-carboxybenzene (III).-To a solution of 100 cc. of 48% hydro- 
fluoric acid at 25' in a platinum dish was added 42 g. of 1-amino-2-iodo-3-carboxy- 

(12) "Organic Syntheses," Collective Vol. I ,  1932, p. 121. 



benzene. After solution, the mixture was cooled to 0" by a salt-ice bath. This caused 
the formation of a gray pasty mass of the amine hydrofluoride. Then 11.5 g. of pow- 
dered sodium nitrite was added very slowly with continuous stirring. The precipitate 
dissolved with the formation of the tliazonium fluoride, which was readily soluble. 
Diazotization was shown to be complete by a positive reaction with starch-potassium 
iodide paper five minutes after the addition of the last portion of sodium nitrite The 
diazotized solution was allowed to come to 30 * 2' and remain a t  that temperature for 
two days. During this period bubbles of nitrogen were continually evolved from the 
solution and a precipitate slowly formed on the sides and bottom of the platinum vessel. 
The evolution of bubbles ceased after two days and the precipitate which had formed 
was removed by filtration with suction and washed with water. The yield was 28 g. 
(62.5T0) of 1-flnoro-2-iodo-3-carboxybenzene which melted at  152-153O (corr.) after 
two crystallizations from water. 

Anal. Calcd. for C7H4O2IF: I, 47.76. Found: I, 47 37. 

Diazotization of the amine in varying dilutions of hydrochloric acid solution with 
subsequent treatment with varying amounts of hydrofluoric acid or hydroborofluoric 
acid, or diazotization in hydrofluoric acid with subsequent addition of hydroborofluoric 
acid or diazotization in hydrofluoric acid with subsequent boiling with water gave a prod- 
uct soluble in alcohol or water, melting a t  144-145" (corr.). This product was readily 
acetylated with acetic anhydride (whereas the fluoro compound melting a t  152-153' . - ..- &---A,----*\ A .  -:-... - ..-,.d..n+ :+,",,l..hl~ :- .=)lcnhol -,,a .. -- ------ ----- 
and melting a t  144O. It is evident that the original compound is l-hydroxy-2-iodo-3- 
carboxybenzene and the second the corresponding acetate. 

1-Fluoro-2-iodo-3-carbomethoxybenzene (IV).-A mixture of 28 g of l-fluoro-2- 
iodo-3-carboxybenzene and 19 g. of thionyl chloride was refluxed for ten hours. The 
excess of thionyl chloride was removed by distillation, 50 cc. of absolute methyl alcohol 
was added slowly and the mixture then refluxed for five hours. The excess alcohol was 
removed and the ester distilled under reduced pressure. The yield was 25 g. (8570) of a 
product boiling at  127-128' (4 mm.). 

Anal. Calcd. for CsHeOdF: I, 45.33. Found: I, 44.93. 
1-Fluoro-2-iodo-3-carboethoxybenzene.-A sample of 7 g. of l-fluoro-2-iodo-3- 

carboxybenzene was similarly treated using absolute ethyl alcohol instead of methyl 
alcohol. The yield of ethyl ester was 6 g. ; the boiling point was 148-150" (6 mm.). 

Anal. Calcd. for C~HBO~IF:  I, 43.16. Found: I ,  42.85. 
2,Z'-Difluoro-6,6'-dicarbomethoxydiphenyl (V).-To 28 g. of l-fluoro-2-iodo-3- 

carbomethoxybenzene heated to 180 in a 100-cc. three-necked flask fitted with a stirrer 
and reflux condenser was added slowly with stirring 56 g. of copper powder. A vigorous 
exothermic reaction occurred after the addition of about half of the copper powder. 
The reaction mixture was heated a t  240' for one hour. I t  was then cooled and the re- 
action mixture extracted five times with 50 cc. of ether The yield was 8.5 g. (57%). 
The product was crystallized from p-cymene and benzene to a constant melting point 
of 116-117'. 

Anal. Calcd. for ClaH1204Fx: C, 62.72; H, 3.95. Found: C, 62.45; H, 3.88. 

2,2'-Difluoro-6,6'-dicarboethoxydipheny1.-The diethy1 ester was prepared simi- 
larly by the action of copper powder on 1-fluoro-2-iodo-3-carboethoxybenzene. Crys- 
tallization of the diethyl ester from P-cymene and then from absolute ethyl alcohol gave a 
product melting a t  105-107'. 

Anal. Calcd for C1~HI4O4FP: C, 64.64; H, 4.82. Found: C, 64.31; H, 4.64. 

2,2'-Difl~0~0-6,6'-dicarboxydi~hen~l (VI).-A mixture of 7.6 g. of dimethyl ester 
was saponified with an absolute ethyl alcohol solution of potassium hydroxide. Recrys- 
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tallization from 95% ethyl alcohol raised the melting point to a constant value of 308- 
31 1" (corr.). The acid begins to shrink about 50" below the melting point recorded, 
softens noticeably about 10" below and melts sharply at  the point given, forming a 
meniscus. 

Anal. Calcd. for CUH~O~FZ: C, 60.42; H, 2.90. Found: C, 60.18; H, 2.99. 
Neut. equiv.: calcd., 278.1. Found: 280.0. 

Resolution of 2,21-Difluoro-6,6'-di~arboxydiphenyl.-To a hot solution of 2.5 g. of 
2,2'-difluoro-6,6'-dicarboxydiphenyl in 75  cc. of 95yo ethyl alcohol was added with 
stirring a hot solution of 3.0 g. of anhydrous quinine in 45 cc. of %yo ethyl alcohol. 
The solution was evaporated to 95 cc. and allowed to cool. A crop of white flaky crystals 
separated, which was essentially pure salt, as shown by rotation and melting point as 
compared with recrystallized material. The crystals of pure less soluble salt were re- 
moved by filtration with suction, washed with 95% alcohol and dried; weight 2.5 g. 
Recrystallization from 95% ethyl alcohol gave a pure product of melting point 221-222" 
(con.). 

o f t o  0.1695 g. made zp to 15 cc. with absolxte ethyl a!eoliol a t  20' gave a~ 
4-0.44 "; 1 = 1 ; [a]: +38.g0. Recrystallization from 95% ethyl alcohol did not change 
the melting point or rotation. 

Anal. Calcd. for Ca4HtzOsF2Nz: N, 4.65. Found: N ,  4.52. 
The mother liquor from the first crop of crystals was further evaporated to 50 cc. 

Upon cooling, 0.32 g. of salt crystallized out, which was by rotation shown to be impure 
less soluble salt. The filtrate was evaporated to dryness and the residue of more soluble 
salt washed once with 25 cc. of a 10% solution of ethyl alcohol in water. After drying, 
the weight was 2.5 g. and the melting point was 159-160" (corr.). 

Rotation. 0.1755 g. made up to 15 cc. with absolute ethyl alcohol a t  20' gave 
a, -1.18"; 2 = 1 ;  [a]: -101". The more soluble salt was dissolved in ethyl alcohol 
and precipitated by the addition of water into two fractions. The melting point was un- 
changed and the rotation of the two fractions identical with that of the original material. 

Anal. Calcd. for Cs4HseOpFzNz: N, 4.65. Found: N ,  4.32. 
1-2,2'-Difluoro-6,6'-dicarboxydipheny1.-The pure less soluble salt was hydrolyzed 

by two procedures, both giving practically the same results. The first procedure con- 
sisted in digesting 1.0 g. of salt three times for ten minutes each in the cold with 10 cc. 
of 2 N hydrochloric acid. The pasty mass which first formed changed to white flakes 
on' continued stirring. The active I-acid so obtained was then washed on a filter with 
another 10-cc. portion of 2 N hydrochloric acid, then with water, and finally crystallized 
from 95% ethyl alcohol. The melting point was 305306' (corr.), with a melting be- 
havior similar to that of the racemic acid. A mixed melting point with the racemic acid 
gave 302-304 (con.). 

Rotation. (a) 0.1535 g. made up to 15 cc. with 95% ethyl alcohol a t  20' gave 
a, -0.23"; 2 = 1;  [a]% -22.5'. (b) 0.1008 g. made up to 15 cc. with 0.1 N sodium 
hydroxide a t  20' gave a, -0.835'; 1 = 1;  [aj2$ -124'. 

The second procedure consisted in digesting 1.2 g. of pure less soluble salt with 10 
cc. of cold 2 N hydrochloric acid for five minutes. The acid was decanted and the white 
flakes which were obtained from the pasty mass by stirring were washed with water and 
dissolved in 2 N sodium hydroxide solution. The solution was warmed to 80°, imme- 
diately cooled, and extracted three times with 4 cc. each of chloroform. The alkaline 
5olution was then acidified with concentrated hydrochloric acid. The I-acid precipi- 
tated and was washed with water and dried. After crystallization from 95% ethyl 
alcohol, the melting point was 305-306 ' (corr.). 

Rotation. 0.0945 g. made up to 15 cc. with 0.1 N sodium hydroxide at  20' gave 
or, -0.8'; I = 1 ;  -127.0". 
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Anal. Neut equiv., calcd., 278.1. Found: 280. 

d-2,2'-Difluoro-6,6'-dicarboxydiphenyL-The d-acid was obtained from 2 2 g. of 
the more soluble salt by the second procedure given above. After recrystallization from 
95% ethyl alcohol the melting point was 305-306' (corr ). 

Rotation. (a) 0.1387 g. made up to 15 cc. with 0.1 N sodium hydroxide a t  20' 
gave an +0.94'; 1 = 1 ; [a]2: +101.8'. (b) 0 1071 g. made up to 15 cc. with 95% 
ethyl alcohol a t  20' gave an f 0.12"; I = 1; [aI2: f 16.8'. 

Synthesis of More Soluble Salt.-An alcohol solution of 0 1071 g. of d-acid having a 
rotation in alcohol of +16.8" was treated with 0.125 g. of quinine. The salt obtained 
upon evaporation of the alcohol to 2 cc. and precipitation with water was washed with 
water and dried. The melting point was 163-165' (corr.). 

Rotation. 0.0860 g. made up to 15 cc. with absolute ethyl alcohol a t  20° gave a, 
-0.435O; 1 = 1; [a]': '-76.0°. 

Racemization Experiments 

In Sodium Hydroxide-Hot.-The rotation was taken on an alkaline solution of the 
I-acid. Ro!ation. 0.0945 g. made up to 15 cc. with 0.1 N sodium hydroxide a t  20° 
gave a, -0.8"; 1 = 1; [a]': -127'. The alkaline solution was heated in a closed con- 
tainer on a steam cone for eight minutes. The rotation was again taken and the acid 
was found to be completely racemized. 

In Sodium Hydroxide-Cold.-The rotation was taken on an alkaline solution of 
partially active 1-acid. Rotation. 0.0870 g. made up to 15 cc. with 0.1 N sodium hy- 
droxide a t  20' gave a~ -0.38'; 1 = 1; [aJ2: -66.5'. After standing for one day a t  
room temperature (25') the rotation was -GO0, after two days, -54O, after three days, 
-45", after five days, -24", and after one week the rotation was -18". A solution of 
d-acid in 0.1 N sodium hydroxide racemized from a rotation of t 62 .3  " to +15' after 
standing a t  25" for one week. 

In Ethanol.-A solution of I-acid was made in 95% ethyl alcohol. Rotation. 
0.0892 g. made up to 15 cc. with 95% ethyl alcohol a t  20' gave a~ -0.12"; 1 = 1 ;  
[a]: -20.2". The alcoholic solution was refluxed for one hour and the rotation was 
then -11.7O. The solution was refluxed an additional hour and a half and the rotation 
was zero. 

In Acetic Anhydride.-A sample of 0.1014 g. of acid having a rotation of -127' 
in 0.1 N sodium hydroxide was dissolved in 15 cc. of acetic anhydride. Warming to  
50" for three minutes was required to effect solution. The rotation in acetic anhydride 
was taken and found to be zero. The solution was boiled for ten minutes and the acetic 
anhydride removed in a vacuum. The residue was dissolved in 0.1 N sodium hydroxide. 
I t  was necessary to bring the mixture to boiling to effect solution as the residue went into 
solution very slowly. The solution was immediately cooled and the rotation in 0.1 N 
alkali was zero. 

In Acetic Acid.-A 0.1281-g. portion of acid having a rotation of ~ 6 6 . 5 ~  in 0.1 N 
alkali was dissolved in 15 cc. of glacial acetic acid. Solution took place readily in the 
cold and the rotation was found to be zero. The acetic acid solution was refluxed for 
five minutes and the acetic acid removed in a vacuum. The residue dissolved readily 
in cold 0.1 N sodium hydroxide. The rotation in 0.1 N alkali was found to be -36.6". 
Refluxing with glacial acetic acid, therefore, caused partial racemization. 

In Alcoholic Hydrochloric Acid.-A solution of d-acid was prepared with absolute 
ethyl alcohol containing 40% concentrated hydrochloric acid. Rotation. 0.1181 g. 
made up to 15 cc. with absolute ethyl alcohol containing 40% of hydrochloric acid at 
20 " gave a, -+0.09 O; 1 = 1 ; [a]': +11.4'. After standing for one week the rotation 
was -I- 6.6'. 
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Summary 
1 2,2'-Difluoro-6,6'-dicarboxydiphenyl has been prepared from 1- 

methoxy-2-iodo-3-carboxybenzene by reduction to the amine, diazotization 
and replacement of the amino group by fluorine, and coupling by means of 
copper powder. 

2. The compound has been resolved into optical isomers through the 
quinine salt. The active forms of 2,2'-difluoro-6,B'-dicarboxydiphenyl 
racemize rapidly in hot dilute alkali, fairly readily in hot alcohol, hot 
acetic anhydride or hot glacial acetic acid, and slowly in cold dilute 
alkali or in a 40% solution of concentrated hydrochloric acid in absolute 
alcohol. 

3. 2,2'-Dimethoxy-6,6'-dicarboxydiphenyl has been prepared and re- 
solved according to the outlined procedure of Kenner and Turner. The 
active acids racemized much more slowiy than the difluoro compounds. 

4. The active 2,2'-dimethoxy-6,6'-dicarbomethoxydipheny and the 
corresponding methyl ester racemized a t  about the same rate. The active 
diamide racemized much more slowly. 

URBANA, ILLINOIS RECEIVED JULY 18, 1932 
PUBLISHED FEBRUARY 9,1933 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY O F  ILLINOIS] 

Stereochemistry of Diphenyl. XXVIII.' Preparation and 
Properties of 2,2 '-Difluoro-3,3 '-dicarboxy-5,5 '-dimethyl- 

6,6'-dinitrodiphenyl 

Diphenyls containing fluorine in one or more of the 2,2',6,Bt-positions 
are of especial interest in connection with the stereochemistry of the 
diphenyls, since fluorine is the smallest substituent which can be introduced 
in place of a hydrogen. The compounds of this type thus far prepared are 
the non-resolvable 2,2r-difluoro-3,3'-dicarboxy-6J61-dimethoxydiphenyl3 
(I), the extremely unstable brucine salt of 2-nitro-6-carboxy-2'-fluorodi- 
pheny14 (11), the easily racemized 2,2'-difluoro-3,5,3',5'-tetramethyl-6,6'- 
diaminodipheny15 (111) and 2,2'-difluoro-6,6'-dicarboxydiphenyll (IV). 
Although the properties of these compounds agree satisfactorily with those 
predicted for such structures, nevertheless, i t  might appear that the 
mobility of these compounds may be due to some specific property of the 
fluorine, other than its small size. A compound has, therefore, been 

(1) For paper XXVII see Stanley, McMahon and Adams, THIS JOURNAL, 66, 706 (1933). 
(2) The experimental work was done by E. C. Kleiderer in partial fulfilment of the requirements for 

the Degree of Doctor of Philosophy in Chemistry at the University of Illinois. 
(3) Becker and Adams, THIS JOURNAL, 64, 2973 (1932). 
(4 )  Stoughton and Adams, ibid., 64, 4426 (1932). 
(5) Kleiderer and Adams, i b i d ,  64, 1575 (1932).  
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synthesized containing 2,Z'-difluoro substitution and 6,6'-disubstitution 
with nitro groups which are relatively large. 

F OCH8 NO2 

HOOC 

I 11 111 IV v 
This should be resistant to racernization if the size of the groups is the 
primary influence, and it, indeed, proved to be so. This is satisfactory 
evidence that the lability of all the previously studied fluorodiphenyls is 
due, primarily, to the size rather than to any other specific property of the 
fluorine atom. 

The compound prepared was 2,2 '-difluoro-3,3 '-dicarboxy-5,s'-dimethyl- 
6,6'-dinitrodiphenyl (IX). The I-form showed no appreciable racemiza- 
tion after several hours of boiling in ethyl alcohol, glacial acetic acid, 
cyclohexanone and 0.1 N sodium hydroxide. The alkaline solution, 
however, became colored on standing and an extended experiment in this 
solvent was impossible. 

Experimental 
The dinitro-difluoro compound was prepared by the following series of reactions 

CH@"' ---+ HOOCJJH~ --+-  ROO:^ F ~ N O .  -+-v 
F NO2 NO2 NO?: 

Rr Br Br 

VI  VII  VI I I  

l-Bromo-2-fluoro-3-carboxy-5-methyl-6-nitrobenzene (VI).-A mixture of 5 g. of 
1-bromo-2-fluoro-3,5-@methyl-6-nitrobenzene (V) and 20 cc. of concentrated nitric acid 
(sp. gr. 1.42) diluted with 40 cc. of water, was placed in a sealed tube and heated in  a 
horizontal position for eight hours a t  150" (Longer than eight hours gave considerable 
decomposition with evolution of carbon dioxide.) Upon cooling, the reaction mixture 
was made alkaline, filtered and extracted once with ether. Upon acidification with 
dilute sulfuric acid, the acid precipitated as a light yellow curd. The crude acid was 
crystallized from dilute alcohol. It formed light yellow needles melting a t  249-251" 
(con.). I n  no case was a mixture of acids obtained. The yield was 2 g. (36% of the 
theoretical). 

Anal. Calcd. for CaHb04BrFN: N, 5.04; Br, 28.80; neut. equiv., 278. Found: 
(micro Dumas) N, 5.34; Br, 28.89; neut. equiv , 275.3. 

The evidence that  the methyl group adjacent to the fluorine was oxidized and not 
that  adjacent t o  the nitro was indirect. By the same concentration of nitric acid and 
under the same conditions used in the oxidation just described, i t  was found t h a t  in  1- 



nitro-2,4-dimethylbenzene, the 4-methyl group oxidized exclusively. The methyl ortho 
to the nitro apparently was unaffected by this reagent. 

l-Bromo-2-fluoro-3-carbomethoxy-5-methyl-6-nitrobenzene (VII).-VI was heated 
with excess of thionyl chloride for five minutes t o  convert it  to the acid chloride. The 
crude acid chloride was treated with absolute methyl alcohol and refluxed for thirty 
minutes. The ester was isolated by pouring the methyl alcohol mixture onto ice. It 
was purified by crystallization from 50% methyl alcohol, from which it  crystallized in 
white needles melting a t  88-89" (corn.). The yield was quantitative. 

Anal. Calcd. for CoH?OpBrFN: N, 4.80. Found: (micro Dumas) N, 4.73. 
l-Bromo-2-fluoro-3-carboethoxy-5-methyl-6-nitrobenzene (VII).-The ethyl ester 

was prepared in the same way as the methyl ester. The ester was purified from 50% 
ethyl alcohol, from which i t  crystallized in white needles melting a t  65-66" (corr.). The 
yield was quantitative. 

Anal. Calcd. for CloHsO4BrFN: N, 4 58. Found: (micro Dumas) N, 4.46. 
2,2'-Difluoro-3,3'-dicarbomethoxy-5 ,5'-dimethyl-6,6'-dinitrodiphenyl (VIII).-In a 

large Pyrex test-tube a mixture of 4.8 g. of (VII) and 5 g. of copper bronze was heated 
t o  225'. when the reaction began as evidenced by the change in color of the copper. 
The  reaction was allowed to continue a t  220" for one hour. The melt was extracted 
with acetone and the solution treated with activated carbon (norite). The essentially 
colorless acetone was evaporated slowly and absolute methyl alcohol added. After 
most of the  acetone had evaporated the diphenyl compound crystallized in needles, 
melting upon recrystallization from methyl alcohol a t  191-193° (corr.). The yield 
was 2.26 g. (65%). 

Anal. Calcd. for C I ~ H ~ ~ O ~ F ~ N Z :  N, 6.60. Found: (micro Dumas) N, 6.79. 
2,2'-Difluoro-3,3'-di~arboxy-5,5'-d'~ethy1-6,6'-dinitrodipheny1 (V).-A mixture of 

the ester (VIII), 50% methyl alcohol and a slight excess of sodium hydroxide over that 
necessary for hydrolysis, was refluxed for thirty minutes, a t  which time the diester had 
dissolved and the solution had changed from colorless to  light yellow. After cooling, 
acidifying, evaporating to half volume and again cooling the acid crystallized in short 
colorless needles. These were recrystallized from 50% ethyl alcohol. They melted a t  
301-304" (uncorr.) on the bloc Maquenne, 31&320° (con.) with decomposition in a 
melting-point tube. 

Anal. Calcd. for CiaHloOsF&z: N, 7.07; neut. equiv., 198. Found: (micro 
Dumas) N, 7.15; neut. equiv., 196.5. 

Resolution of 2,2'-Difluoro-3,3'-dicarboxy-5,5'-dimethyl-6,6'-niophenyl (V.) 
Strychnine Salt.-To a solution of 2.1 g. of strychnine dissolved in 300 cc. of absolute 
methyl alcohol was added 1.23 g. of the acid (V). The solution was evaporated t o  210 
ce. and allowed to stand overnight in a'desiccator. At the end of this time 1.5 g. of 
salt had crystallized. 

The salt for purification was dissolved in 150 cc. of absolute methyl alcohol and al- 
lowed to stand overnight. At the end of this time the salt had crystallized out in small 
cubes. The  melting point was 224-228' (corr ), with decomposition. 

Rotation. 0.1000 g. made up to 10 cc. with pyridine a t  20" gave a, -0.75O, 2 = 
1 ; [or]': -75 O. Further recrystallization brought no change in rotation. 

Anal. Calcd. for C ~ ~ H ~ ~ O ~ F ~ N ~ ~ ~ C ~ ~ H I I O ~ Z :  N, 7.89. Found: (micro Dumas) N, 
7.83. 

The mother liquor from the first crop of crystals was evaporated t o  150 cc., when 
0.35 g. of needle-like crystals came down. These were filtered off and the filtrate was 
evaporated to  80 cc. and allowed to stand overnight. At the end of this time 1 g. of 
needle-like crystals had separated. This last fraction was recrystallized from absolute 
methyl alcohol, m. p. 190-193 " (corr.) with decomposition. 



Rotation. 0.1000 g. made up to 10 cc. with pyridine at 20' gave a~ -0.50, 1 = I ;  
-50.0 ". Further recrystallization gave no change in rotation. 

Anal. Calcd. for CI~HIOOSF~N~~~C~IH~ZOZNZ: N, 7.89. Found: (micro Dumas) N, 
7.56. 

As the nitrogen analysis will not distinguish the mono- and distrychnine salts, a 
portion of salt was decomposed quantitatively and acid and base isolated. The salt 
proved to be dibasic. 

0.2230 g. of salt yielded 0.0830 g. of acid and 0.1350 g. of strychnine. For 0.0830 
g of acid, there is required 0.1400 g. of strychnine for a dibasic salt. 

E-2,2'-Difluoro-3,3'-dicarboxy-5,5'-dimethyl-6,6'-dmitr0diphenyl.-The less soluble 
salt was treated in the cold with aqueous sodiu111 hydroxide for about thirty miirutes. 
At the end of this time the precipitated strychnine was filtered off. The acid was pre- 
cipitated with dilute hydrochloric acid and purified from 50y0 alcohol, from which i t  
crystallized in white needles. The melting point (tube) was 298-300' (corr.) with de- 
composition. 

Rotations. 0.1000 g. made up to 10 cc. a t  20' with methyl alcohol gave aD -0.17O. 
1 = 1; [a]: -17.0°. 

Further recrystallization did not change the rotation. 
0.0750 g. made up to 10 cc. a t  20° with pyridine gave  or^ -0 lgO, 1 = 1; [al22 

-24 0 O. 
0.1000 g. made up to 10 cc. a t  25O with cyclohexanol gave a~ -0.12O, 1 = 1;  [a]? 

- 12.0 O. 

0.1000 g. made up to 10 cc. a t  20' with glacial acetic acid gave a, -0.15O. 1 = 1;  
[a]? -15.0'. 

0.1068 g. made up to 10 cc. a t  20' with cyclohexanone gave a, -0.154O, 1 = 1; 
[a]" -14 4'. 

0.1000 g. made up to 10 cc. a t  20' with 0.1 Nsodium hydroxide gave a, -0.13.!i0, I 
= 1; -13.5O. 

Anal. Calcd. for ClaHloO~F2N2: N, 7.07. Found: (micro Dumas) N, 7.17. 
d - 2 , 2 ' - D i f l u 0 r 0 - 3 , 3 ' - d i c a r b 0 x y - 5 , 5 ' - ~ h e  d-acid was 

prepared in the same way as the 1-isomer. After crystallization from 50% alcohol it 
melted a t  297-301 (corr.) with decomposition. 

Rotation. 0.1000 g. made up to 10 cc, a t  20' with methyl alcohol gave a, +0.15O, 
I = 1; [(w]? +15.0°. 

Anal. Calcd. for C ~ ~ H ~ O O S F ~ N ~ :  N, 7.07. Found: (micro Dumas) N, 7.11. 
Racemization Experiments.-Refluxing in 95% ethyl alcohol for five hours; in 

glacial acetic acid for seven hours; in cyclohexanone for three hours; in 0.1 N sodium 
hydroxide for three hours resulted in no appreciable change in rotation. 

Summary 
1. 2'2' - Difluoro - 3,3' - dicarboxy - 5'5' - dimethyl - 6,6' - dinitrodi- 

phenyl has been synthesized and resolved. The probable presence of the 
two carboxyl groups as 3,3' and not 5,5' was determined only by indirect 
evidence. 

2. The active forms are stable to racemization under the conditions 
used. This is evidence that the mobility of previously prepared fiuoro 
derivatives is due not to any peculiar property of the fluorine atom but 
probably primarily to its size. 

URBANA, ILLINOIS RECEIVED JULY 18, 1932 
PUBLISHED FEBRUARY 9,1933 



[CONTRIBUTION FROM THE CHEMICAL LABORATORY O F  THE UNIVERSITY O F  ILLINOIS] 

The Coupling Action of the Grignard Reagent. IV. Benzal 
Chloride and Benzotrichloride 

It has been shown previously that the benzyl halides when treated with 
methylmagnesium iodide are converted into dibenzyl according to the 
equation: 2C6HsCHS + 2CH3MgI = CHzCH3 + C ~ H E ~ C H ~ C H ~ C ~ H ~  + 
2MgIX.l This type of reaction has been reported by several investigators 
and appears to be applicable to a rather wide variety of types of halogen 
compounds. An examination of these various compounds, however, 
reveals the striking fact that the most conspicuous examples contain the 

I 

skeletal grouping, ~r-$-X, characteristic of arylmethyl halides. Thus, 

for example, the methoxybenzyl  halide^,^ di-cr-naphthylmethylchloro- 
methane,Viphenylbr~moethane,~ ethylphenylbr~momethane,~ a! - chloro- 
phenylacetic acid4 and the cyanobenzyl halides5 give the coupling reaction 
and all of them possess the structural grouping in question. 

On the other hand, benzal chloride and benzotrichloride-compounds 
which contain this structural unit-have not been found to undergo 
coupling. Reychler6 examined the behavior of these two compounds to- 
ward phenylmagnesium bromide. In  the case of benzotrichloride, he was 
unable to isolate any definite products. Benzal chloride gave a large 
amount of triphenylmethane and a small quantity of s-tetraphenylethane. 
Reychler attributed the formation of the latter to the action of metallic 
magnesium on diphenylchloromethane formed as an intermediate. In the 
light of Spath's work on diphenylbromomethane, we would now explain 
Reychler's result as due to the coupling of diphenylchloromethane by the 
action of the Grignard reagent. 

In  view of the fact, already pointed out, that benzal chloride and benzo- 
trichloride possess the structural grouping which seems to be most effective 
in promoting the coupling tendency, the behavior of these two compounds 
toward the Grignard reagent has been reaamined. The present paper is a 
report of this investigation. 

Benzal Chloride.-In the case of benzal chloride methylmagnesium 
iodide was chosen as the reagent because of the high yields of coupling 
products which this reagent was found to give when used with the benzyl 
halides and with the cyanobenzyl halides. The results obtained were 
altogether unlike those reported by Reychler for phenylmagnesium 

(1) Fusou, THIS JOURNAL, 48, 2937 (1926). 
(2) SpBth, Monatsh., 34, 1965 (1913). 
(3) Schmidlin and Massini, Em., 42, 2384 (1909). 
(4) MacKenzie, Drew and Martin, J .  Chem. Soc., 107, 26 (1915). 
(5) Fuson, Tnrs JOURNAL, 48, 830 (1926) 
(6) Reychler, Bull. sac. chim., 35, 737 (1906) 
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bromide and benzal chloride. It was found that methylmagnesium iodide 
effected direct coupling just as it did in the case of benzyl chloride, the 
second chlorine atom apparently having no influence upon the course of 
the reaction. The product was a-stilbene dichlaride and the equation 
representing the reaction is 

2CaHsCHClz f 2CHsMgI --+ CBH~CHCICHCIC~,H~ + CHaCHs + 2MgICl 

No evidence was obtained of the formation of cumene or of s-dimethyl- 
diphenylethane-the products which would have been predicted in analogy 
with Reychler's resuits.' In  view of this fact the reaction between benzal 
chloride and phenylmagnesiurn bromide has been reexamined. As in 
Reychler's work, triphenylmethane was obtained, but no s-tetraphenyl- 
ethane was isolated. Instead, considerable amounts of diphenyl and a- 
stilbene dichloride were found. These products evidently arise from 
the following reaction-a typical example of coupling 

2CeHbCHC12 f 2CsHbMgBr = C~H~CHC~CHC~CQH~ + CGHE-C~H~ + 2MgBrCl 

Benzotrich1oride.-The Grignard reagent used in connection with the 
study of benzotrichloride was methylmagnesium chloride. Experiments 
were carried out with dilute solutions (0.2 molal) and with concentrated 
solutions (2 molal). In  the presence of the dilute reagent benzotrichloride 
underwent coupling to yield tolane tetrachloride as shown by the equation 

2CsH6CC13 + 2CH3MgCI = CeHsCClzCClzCeHs f CHICH~ f 2MgC12 

The reaction between benzotrichloride and the concentrated solution of 
methylmagnesium chloride gave an entirely different result. No tolane 
tetrachloride was isolated and instead there was obtained a mixture of the 
cis and trans forms of tolane dichlorides. The total yield of these isomers 
was about 22y0 of the theoretical; the proportion of the trans form t o  the 
cis was approximately 5 to 1. 

It seemed probable that the effect of the concentration of the reagent 
was due not to a difference in the initial coupling reaction but to a difference 
in the stability of the initial product, .tolane tetrachloride, toward the two 
solutions of the reagent. If this surmise were correct the tetrachloro com- 
pound which was stable in the dilute solution of the reagent should be at-  
tacked by the concentrated solution. Experiment has verified this hy- 
pothesis In the 2 molal solutlon of methylmagnesium chloride tolane 
tetrachloride was found to react to give a mixture of the two geometrically 
isomeric tolane dichlorides. 

Experimental 
The Reaction of Benzal Chloride with Methylmagnesium Iodide.-To an approxi- 

mately 2 molal solution of methylmagnesium iodide (prepared from 60 g. of methyl io- 

(7) Since this work was done experiments have been carried out with benzal chloride and methyl- 
magnesium chloride with results which are somewhat more in accord with those of Reychler. Evidence 
is now available which indicates that the halogen involved in the Grignard reagent used has a profound 
influence on the course of the reaction. A report of this work will appear in the near future. 
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dide and 10 g. of magnesium) was added over a period of two hours with continuous 
stirring 25 g. of benzal chloride. The reaction was very vigorous and caused the ether 
solution to boil steadily throughout the time of reaction. The stirring was discontinued 
and the reaction mixture was then heated externally and the boiling was maintained 
for two hours longer. Following this, the mixture was decomposed with concentrated 
hydrochloric acid and ice. 

The supernatant ether layer was then separated and washed with a solution of so- 
dium thiosulfate to remove any free iodine, and the ether was then evaporated by drawing 
a stream of air over the surface of the solution. The semi-solid residue which remained 
was separated by means of a suction filter into a colorless crystalline solid and a brown 
viscous oil. The yield of the solid before recrystallization was 4.3 g. 

After three recrystallizations from glacial acetic acid the solid was obtained in large, 
colorless prisms melting at  189-190°. A mixture of this compound with a-dichloro- 
stilbene (melting point 190°)8 melted a t  190". 

The brown, viscous oil did not crystallize and could not be distilled even at  200" 
a t  10 mm. No evidence was obtained of the presence of cumene. 

The Reaction of Benzal Chloride with Phenylmagneslum Bromide.-A mixture of 
150 cc. of a 1.6 molal solution of phenylrnagnesium bromide and 32 g. of benzal chloride 
was heated under reflux. A crystalline precipitate began to separate almost'immediately 
and a t  the end of three hours the liquid contained a large amount of suspended solid. 
Water and hydrochloric acid were added until two clear layers resulted. The ether layer 
was separated and the ether was removed on the steam-bath. The residue was a brown, 
lachrymatory oil which when cooled in an ice-bath deposited crystals melting at  190- 
192" after one recrystallization from glacial acetic acid. A mixture of these crystals with 
a-stilbene dichloride melted at  190-192'. 

The remainder of the oily material was subjected to distillation. Ten grams of un- 
changed benzal chloride was recovered. A considerable amount of diphenyl was also 
removed during the distillation. The tarry residue deposited crystals which were filtered 
and recrystallized from ethyl alcohol. A mixed melting point determination showed 
this compound to be triphenylmethane (melting point 92 O). 

The Reaction of Benzotrichloride with Methylmagnesium Chloride in Dilute 
Solution.-To 500 cc. of an approximately 0.2 molal solution of methylmagnesium 
chloride in ether was added slowly 19.5 g. of benzotrichloride in 50 cc. of anhydrous ether. 
There was no evidence of a reaction. The mixture was then heated under reflux with 
continued stirring for three hours. Decomposition of the reaction mixture with water 
and hydrochloric acid and subsequent distillation of the ether from the ether layer gave 
a brown oil. This material was placed in a. 10 yo solution of sodium hydroxide and sub- 
jected to steam distillation. About 3 cc. of unchanged benzotrichloride was recovered in 
the distillate. A crystalline substance was left in the distilling flask. After six re- 
crystallizations from glacial acetic acid this compound melted a t  161-162'. One gram 
of the pure compound was obtained in the form of a fine, white powder. A mixture of 
this compound with an authentic specimen of tolane tetrachloride (melting point, 
161-162°)9 showed no depression in the melting point. 

The Reaction of Benzotrichloride and Methylmagnesium Chloride in Concentrated 
Solution.-To 200 cc. of an approximately 2 molal solution of methylmagnesium 
chloride was slowly added10 39 g. of benzotrichloride. Although the addition was car- 
ried out in a dropwise manner it caused the ether to boil vigorously. After the addition 
was complete and the reaction had apparently ceased, the mixture was heated under 

(8) Zincke, Ber., 10, 1002 (1877). 
(9) Zinin, Ann., 54, 188 (1840). 

(10) This as well as other solutions of methylmagnesturn chloride used in these experiments was ana- 
lyzed by titration with acid. 
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reflux for an hour. The mixture was decomposed in the manner described for the 
experiment which was carried out in dilute solution. Also, the steam distillation was 
conducted in the way described for the preceding experiment. However, the distillate 
in this case came over very slowly. In addition to  a few cc. of oil the distillate contained 
a waxy solid which was collected over a period of eighteen hours of continued distilla- 
tion. This material was a mixture of cis and trans tolane dichlorides. The two isomers 
were separated by fractional crystallization from alcohol. The trans isomer melted a t  
63" and the cis form a t  138-139 ". In  several experiments there was obtained an average 
yield of 22Y0 of that  theoretically possible for the two dichlorides. The proportion of 
cis t o  trans was about 1 to  5. 

Anal. Calcd. for CI~HIOCI~:  C, 28.5. Found for the cis isomer: C1, 28.5. Found 
for the hans isomer: C1, 28.6. 

The Reaction between Methylmagnesium Chloride and Tolane Tetrachloride.- 
Seven-tenths gram of tolane tetrachloride was heated under reflux for four hours with a n  
excess of a 2 molal solution of methylmagnesium chloride. Decomposition of the re- 
action mixture in the usual manner gave a solid melting from 63 to  80" which proved to 
be a mixture of the isomeric tolane dichlorides. The yield was 0.2 g. 

Summary 

Methylmagnesium iodide has been shown to exert a coupling action 
on benzal chloride. The product, a-stilbene dichloride (C6HbCHCl- 
CHCICeHb), was likewise obtained when phenylmagnesium bromide was 
allowed to react with benzal chloride. 

A similar coupling was observed with benzotrichloride. When treated 
with a dilute solution of methylmagnesium chloride i t  gave tolane tetra- 
chloride (C~H6CC12CC1~C6H6). 

In concentrated solutions of methylmagnesium chloride benzotrichloride 
has been found to yield a mixture of the cis and trans forms of tolane di- 
chloride (C6H6CC1=CClC~H6). 

The same mixture of isomers was obtained when tolane tetrachloride 
was treated with the concentrated solution of methylmagnesium chloride. 

The latter result has been interpreted to mean that tolane tetrachloride is 
produced alike by dilute and by concentrated solutions of the reagent but 
that in the latter case i t  is subsequently transformed into the tolane di- 
chlorides. 

URBANA, ILLINOIS 
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A mechanism proposed in a Kalle and Co. patent8 is represented thus: 
alkali 

CeH6NH2HCl + CH2O --t ~ ~ C ~ H , N H C H Z ~  ---+ CHZC~H~NH (polymerized) 
L--_f 

Green and Saunderss suggested a similar course, the chloromethyl com- 
pound yielding momentarily the corresponding hydroxyrnethyl compound. 
The actuality of the chloromethyl compounds does not seem to  be estab- 
lished, though analogous compounds such as CGH~NHCH~CN, etc., arc 
known. The crystalline and definite compounds obtained from methyl- 
aniline and ethylaniline, and representedIO to be chloromethyl compounds, 

/CHa 
e. g. ,  CsH& were shown by Friedlandern to be hydrochlorides 

\CHZCI' 
of the dimeric anhydro-alkylaminobenzyl alcohols, the structure being 
proved, in the case of the methyl compound, by reduction to  p-toluidine. 
Friedlander concluded that formaldehyde first unites a t  the para-position 
to yield the carbinol CH3NHCsH4CH20H, of which two molecules con- 

CHsNCeH4CHz 
dense with loss of water to yield the dimeric base I I whose di- 

HzCCeH4NCH3 
hydrochloride appears as product. 

This view seems to be inconsistent with the ready formation of the 
anhydro-aminobenzyl alcohols from azomethines or di-imines, and with 
the claims of several patents12 on N-alkylation of aromatic amines by con- 
densation with homologs of formaldehyde, with concurrent reduction, 
in acid solution, indicating that the primary point of attack is the nitrogen 
atom. This is also the basis for the mechanism recently proposed for 
similar condensations by v. Braun and co-workers,13 involving the assumed 
primary formation of a N-hydroxyalkyl compound, e. g., CsH5NR2Cl 
CH(OH)R, which rearranges to the form RCHC6HdNR2CI. 

The present study deals with the condensations sf fivt QIIXJ:aAL;:;LIL\3 

(methyl, ethyl, n-propyl, n-butyl and isoamyl) with formaldehyde in 
dilute hydrochloric or sulfuric acid solution. Two series of experiments 
were made. In one series the initial product of the condensation was re- 
duced promptly, before secondary changes could much interfere; this 
procedure led in every case to N-methylation, yielding tertiary bases. In  
the other series the amines were condensed with formaldehyde in dilute 
hydrochloric acid solution, and the solid hydrochlorides of the resulting 
bases allowed to precipitate. They were isolated, analyzed and sub- 
mitted to vigorous reduction; in every case the corresponding alkyl-p- 
toluidine was obtained in quantity, the net result being nuclear methylation 

(8) German Patent 96,851; Fr~edl  , 5, 91. 
(9) Green and Saunders, J Soc. Dyers and Colourists, 29, 10 (1923). 

(10) Goldschmidt, Chem.-Ztg , 24, 284 (1900); 26, 606, 967 (1902); German Patent 97,710 
(11) Friedlander, Monatsh , 23, 973 (1902). 
(12) German Patent 376,013 (1920) ; 491.856 (1923). 503,113 (1924) 
(13) V Braun and co-workers, A n n ,  472, 1 (1929). 



of the original amine. These results confirm the opinion that condensa- 
tion in acid solution involves initially the nitrogen atom, yielding a com- 

pound which contains the unit C O H , N < ~  , and they show the sepa- 
CHn- 

rated hydrochlorides to have the same essential structure as ~riedliinder's 
dimeric anhydro-p-methylaminobenzyl alcohol, i. e., to contain the unit 
RNCsH4CH2, which clearly is obtained from the first by a secondary re- 

I I 
arrangement or condensation. 

Experimental 

General.-The alkylanilines used were Kahlbaum or Eastman products. I n  the 
analyses reported below, nitrogen was determined by the Kjeldahl method, using the 
boric acid modification, with methyl red as  indicator, and halogen was determined by 
the  sodium peroxide bomb method, the silver halide being weighed. Melting points 
were determined in an apparatus of the Anthes type,1° provided with a mechanical stirrer 
in  the bulb, and with the elongated neck vacuum-jacketed to permit more accurate 
stem corrections. Boiling points were determined in a small side-arm flask, using 
short-scale thermometers, the apparatus being that  recommended by Mulliken.16 
Boiling points stated are substantially "corrected," though with several of the higher- 
boiling bases the entire mercury column, while within the flask, was not completely 
immersed in the vapors. All thermometers used had been calibrated. 

N-Methylations of Alkylanilines by Reduction of the Initial Condensation Products 
with Formaldehyde in Acid Solution.-The procedure for methyl-, ethyl-, propyl- and 
butylanilines was as follows. The base was dissolved in dilute hydrochloric acid, the 
solution cooled to 20' or below in an ice-bath, and slightly more than one equivalent of 
formaldehyde added as a 35% solution. Within five minutes an excess of zinc dust was 
introduced as  rapidly as possible without causing the temperature to exceed 25O, the 
mixture being vigorously stirred mechanically; more hydrochloric acid was added 
a t  intervals to maintain a brisk action. I n  a typical experiment there were used 15 g. 
of methylaniline dissolved in 75 cc of water and 20 cc. of concd. hydrochloric acid; the 
chilled solution was treated with 12 cc. of 35y0 formaldehyde, 25 g. of zinc dust added 
and 80 cc. of concd. hydrochloric acid introduced gradually, the temperature being kept 
around 25'. The liquid was finally colorless and clear except for some undissolved 
metal. 

With isoamylaniline the above procedure yielded an intermediate semi-solid mate- 
rial which trapped the zinc dust. To  effect reduction it was necessary to  raise the 
temperature to 70° or above, and to make further additions of zinc and acid. The liquid 
was finally clear, and the yield of methylisoamylaniline fairly good 

The  reduction liquid was made alkaline with sodium hydroxide and the dialkyl- 
aniline distilled out with steam, extracted in ether, dried with sodium sulfate, the ex- 
tract filtered and the product obtained by evaporation of the ether; i t  was purified by 
careful redistillation and then identified. The tertiary bases made in this way were all 
of good quality, boiling when crude within ranges of 4-5", readily narrowed to 1-2' 
upon redistillation. The best yields varied, for the several amines, from 55 to  8870. 
There seemed to be no secondary amine finally present, indicating that  the condensa- 

(14) Houben, "Die Methoden der organischen Chemie," Geo. Thieme, Leipzig, Vol. I ,  3d ed , 
1925, p. 798. 

(15) Mulliken, "The Identification of Pure Organic Compounds," John Wiley and Sons, New 
York, Vol. I, 1904, p. 221. 
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tions with formaldehyde were rapid and complete. In experiments conducted a t  higher 
temperatures there was increased formation of material not volatile with steam, shown in 
one case to be the p,pl-bis-(dialky1arnino)-diphenylmethane. 

Data for individual experiments are given in Table I. 

Best B. p. c Identification 3 

Product, yield redist., Nitrogen, % 
Jiatkyl-auiiiiie crude, %, 'C .  Four~d Caicd. Derivative 

Dimethyl 79.6 194-195 . . . . . . p-Nitroso compound, m. p. 87 
Methylethyl 87.8 207-209" 10.17 10.37 ~ i c r a t e , ~  m. p. 129-129.5O 
Methyl-n-pro- 75.5 222-224 9.42 9.39 Picrate: m. p. 110.5°. Hydro- 

P Y ~  chloride, see below 
Methyl-n-butyl 54.9 241-242.4 . . . . . . ~ o t e ~  
Methylisoamyl 60.5 253-255" 7.75 7.91 picrate! m. p. 89.5" 

" This value probably better than the b. p. 201' reported by Claus and Howitz 
[Ber., 17,1325 (1884)l for methylethylaniline not specially purified. 

Komatsu [Mem. Coll. Sci. Eng. Kyoto Imp. Univ., 3 ,  371 (1912); Chem. Abstracts, 
7, 1021 (1913)l reported the value 121-122". A number of Komatsu's constants are in- 
correct; see Reilly and Hickinbottom, note d, and also notes c and f. 

Meisenheimer [Ann., 449, 196 (1926) ] reported 109 "; Komatsu's value was 103- 
104". 

Boiling point in good agreement with value 242.5" reported for the pure base by 
Reilly and Hickinbottom [J. Chem. Soc., 117,109 (1920)l. 

" Previous values, for speamens made by two distinct methods and not specially 
purified: 257 " (Claus and Rautenberg) and 246-248" (Thomas and Jones). 
' This picrate separated as oil from ordinary or aqueous alcohol, but crystallized 

from hot absolute alcohol. Komatsu reported m. p. 93-94O. 

In the first preparation of dimethylaoiline (Table I), using higher temperature 
(70-75") for condensation and reduction, the main product was a solid not vola- 
tile with steam. It was crystallized several times from alcohol, and the melting point 
thus raised from 72 to 82", with indications that the substance was still impure. It was 
eventually identified as p,pl-bis-(dimethylamino)-diphenylmethane by means of the 
picrate, which melted at  17S0, and by its nitrogen content of 11.05% (calcd., 10.90%). 
A mixed melting point test of the picrate with a specimen (m. p. 179" corr.), made from 
the base prepared in the usual way, gave the result 178.5 O corr.. and confirmed the iden- 
tification. 

As an additional identifying derivative for methyl-n-propylaniline the hydrochloride 
was prepared (in dry ether). I t  melted 120-122" uncorr., and analyzed satisfactorily: 
nitrogen, 7.47% (calcd., 7.55%), chlorine, 18.84% (calcd. 19.11%) The melting 
point 106 ", reported by Claus and Hirzello for an impure specimen prepared from an im- 
pure base (b. p. 212") is therefore incorrect. 

In  the preparation of methylisoamylaniline there was formed an oily product not 
volatile with steam. This was distilled i n  vacuo, and after three distillations yielded a 
main fraction boiling a t  275-280 "at  10 mm. (282-287 O corr.). Analysis for nitrogen gave 
7.50, 7.51%. indicating the compound to be probably #,PI-bis-(methylisoamy1amino)- 
diphenylmethane (nitrogen, calcd., 7.65%), formed by side reaction during the hot r e  
duction. 

(18) Claus and Hirzel, Ber., 19, 2785 (1886). 
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Nuclear Methylations of Alkylanilines by Reduction of the Anhydro-p-alkylamino- 
benzyl Alcohol Salts 

(a) Preparation of the Anhydro-p-alkylaminobenzyl Alcohol Salts.-The conditions 
approximated those given in references previously cited lo~fi The amine was dissolved 
in four to five parts of water by addition of slightly more than one equivalent of hydro- 
chloric acid. The solution was chilled in ice, and treated with a small excess of formal- 
dehyde, added as a 35% solution. After about an hour the mixture was allowed to come 
to room temperature, when there separated after a time the solid amine salt, the liquid 
generally "setting " The product was filtered off the following day, and the filtrate 
allowed to  stand a further time. from one to several smaller crops of product being thus 
frequently obtained. The salt was washed with cold water containing hydrochloric acid. 
The methyl, ethyl and propyl compounds were highly crystalline and white. They 
were washed finally with alcohol, then with ether and were dried in vacuo. The butyl 
and amyl compounds were yellowish and granular. Attempted washing with alcohol 
rendered them slimy and unfilterable, so these compounds were dried thoroughly in 
vacuo after washing with water containing ilydrochlrioris acid. 

The methyl, ethyl and propyl compounds are soluble in water, and are reprecipi- 
tated by addition of hydrochloric acid; the corresponding bases are precipitated by al- 
kali or sodium acetate. The butyl and amyl compounds are not appreciably soluble in 
water. All five compounds dissolve in dilute sulfuric acid. The n-propyl, n-butyl, 
and isoamyl compounds appear to be new. Yields and analytical data are given in 
Table 11. 

TABLE I1 

Product No. pf 
Best RNCsH4CHz(HCl) yield, spew 

U Xitrogen, Yo Chlorine, O/, mens 
R E  % Found Calcd a Found Calcd a anal 

Methyl 83.4 8 .54  9.01 21.96 22.80 4 
Methyl (hydrobromideb) 86 6.85 7.01 38.70 39.96 1 
Ethyl 76.5 8.15 8 26 20.71 20.91 2 
n-Propyl 57 7.52 7.63 19.18 19.32 2 
n-Butyl 90.6 6.53 7.09 18.30 17.95 2 
Isoamyl 96.4 6.26 6.62 1 5 8 7  16.76 3 

" Yields and elementary percentages are calculated from the formula a t  the head of 
the first column. 

Prepared from methylaniline, formaldehyde and hydrobromic acid; cf. Gold- 
schmidt Chem.-Ztg., 26, 967 (1902). 

For the ethyl and n-propyl compounds (Table 11) the analytical results support the 
formula CH2CBH4NR(HCl). For the methyl compound Friedlander's results could not 

I I 
be duplicated.17 The averaged values for four specimens indicate a molecular weight of 
161.6 per atom of chlorine, or 164.2 per atom of nitrogen, i. e., 6 and 8.6 units higher than 
required by formula, and suggest possible presence of a molecule of water for each di- 
meric molecule of the salt. The butyl and isoamyl compounds likewise yielded results 
for nitrogen and chlorine lower than those required by formula, but these compounds 
were probably less pure than the first three. All these compounds, however, were re- 
producible within rather narrow limits of composition and their identity in essential 
structure was shown by their reducibility to the corresponding alkyl-p-toluidines. 

There was a noticeable delay in the areciaitation of these salts. Their separation - - 
(17) Friedlander determined only chlorine (by direct precipitation with silver nitrate from aque- 

ous solution acidified with nitric acid) and obtained 22.74%. 
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was much retarded if the reaction mixture was kept cold. At room temperature pre- 
cipitation usually began only after an hour or more, and in some cases continued for 
days. As was shown by the experiments on N-methylation above, the condensation 
of amine and formaldehyde is rapid; further, the anhydro-p-alkylaminobenzyl alcohol 
hydrochlorides when dissolved in water are promptly precipitated by hydrochloric acid. 
I t  is therefore obvious that the delay noticed in every case was not due to  a slow amine- 
aldehyde condensation, nor to a lag in precipitation of the amine-salt, but that i t  repre- 
sented the interval during which there occurred the secondary change by which the first- 

formed unit CaH6N 
<:Hz- 

assunled the structure -@HACsH&R-. It seems that a 

kinetic study of one of these reactions should be feasible. 
(b) Reduction of Anhydro-p-alkylaminobenzyl Alcohol Salts to Alkyl-p-tolui- 

dines.-Reduction was most successful using zinc dust and dilute sulfuric acid at  70-85 '. 
Cold reduction was ineffective, and hydrochloric acid was unsatisfactory because of its 
salting-out action. For the reductions two procedures were used. (1) The methyl, ethyl 
and propyl compounds were dissolved or suspended in 10-20 parts of 3 N sulfuric acid, 
the mixture stirred mechanically, some zinc dust added, and the temperature raised 
quickly to 70-85O. As rapidly as possible the rest of the zinc dust (in all about twice the 
weight of the compound to be reduced) was added, and the reduction temperature was 
maintained, with vigorous stirring, until action ceased. (2) The butyl and isoamyl 
compounds were ground with twice their weight of zinc dust, and the mixture added in 
small portions, but rapidly, to the hot acid. In either case reduction was rapid, with 
usually not more than moderate frothing, and the liquid was finally colorless and clear 
except for some undissolved metal. I t  was found advisable to reduce not more than 5 
or 10 g. of the anhydro-alkylaminobenzyl alcohol salts at  a time, the operations outlined 
then requiring about thirty minutes. 

The reduction liquid was made alkaline with sodium hydroxide and was steam- 
distilled until no more oil passed over. The oil was extracted in ether, the solution dried 
with sodium sulfate and filtered, and the product obtained as a residue or by distillation 
after removal of the ether. The best yields of the alkyl-p-toluidines ranged from 54 to 
80%. The products, as obtained by steam distillation, seemed to be substantially pure, 
boiling within narrow ranges; on redistillation the widest boiling range observed for any 
main fraction was 1.5". The alkyl-p-toluidines were fully identified; isoamyl-p-tolui- 
dine has apparently not been prepared hitherto 

In  all these experiments there remained in the steam distilling flask an  oil not vola- 
tile with steam. This was examined in several cases and found to consist largely of the 
corresponding p,pf-bis-(a1kylamino)-diphenylmethane. 

In preliminary experiments it was found that anhydro-p-methylaminobenzyl alcohol 
was not hydrolyzed under the conditions of reduction, no steam volatile product resulting. 
The anhydromethylaminobenzyl alcohol itself was found to be non-volatile with steam. 
The steam volatile oils obtained by reduction of the methyl and ethyl compounds were ex- 
amined for primary ortertiary amines, but no such products could be isolated, nor was 
there any indication that some of the original alkylaniline contaminated the alkyl-p- 
toluidine. 

Data as to yields and identification of products obtained in these reductions are 
given in Table 111. 

In the first preparation of methyl-ptoluidine (Table 111) the oil not volatile with 
steam was distilled in vacuo, and identified as p,pl-bis-(methylamino)-diphenylmethane. 
I t  yielded a nitrosamine of m. p. 97-97.5' uncorr., identical with a specimen (m. p. 
97-98" con-.)'* made from the base prepared as described by v. Braun,lg as shown by 

(18) V. Braun and Kayser, Ber., 37, 2675 (1904). 
(19) V. Braun, ibid., 41. 2148 (1908). 



Best 
Product," yieldb B. p. , Identification 
alkyl-p- crude, redist., Nitrogen, % Chlorine, % 
toluidine % O C. Compound Found Calcd. Found Calcd 

Methyl 53.6 212-212.9 Benzenesulfonyl deriv., 
m. p. 65'" . . . . ... ... 

Ethyl 70.6 222 Benzenesulfonyl deriv , 
m. p. 57' a . . . . ... ... 

picrated m. p. 139.6" . . . . ... ... 
... n-Propyl 79.6 237.3- Base 9.38 9.39 ... 

238.8 Hydrochloride, m p. 155' 7.45 7.55 18.90 19.11 
... n-Butyl 55.7 255-256 Base 8.47 8.59 ... 

Hydrochloride, m. p. 
148-149 " 6.90 7.02 17.63 17.76 

Isoamyl 56.9 267-268 Base 7.77 7.91 ... ... 
Hydrochloride, m. p. 146 '; 

from dil. HC1 6.52 6.56 16.69 16 60 

a In  every case the material reduced was the corresponding anhydro-p-alkylamino- 
benzyl alcohol salt. 

Yields are calculated from the ideal formulas for the salts, and for the methyl, 
butyl and amyl compounds are therefore slightly lower than if based upon analysis 
(Table 11). 

Identification verified by mixed melting point test with the same derivative pre- 
pared from Eastman Co. alkyl-p-toluidine. 

The picrate obtained from Eastman Co. ethyl-p-toluidine melted a t  140 O. 

' Reilly and Hickinbottom [J. Chem. Soc., 113, 977 (1918)) found the boiling point 
of carefully purified n-butyl-p-toluidine to be 264-265 O (766 mm.). 

mixed melting point test. The preparation of ethyl-ptoluidine yielded a similar by- 
product, whose nitrosamine (from alcohol and ether) melted at  81 ' uncorr., close to the 
value (83 O) found by v. Braun20 for the nitrosamine of p,p'-bis-(ethy1amino)-diphenyl- 
methane. 

1. The secondary aromatic amines methyl-, ethyl-, n-propyl-, n-butyl- 
and isoamylanilines, when condensed with formaldehyde in aqueous solu- 
tion in presence of hydrochloric acid, yield solid products which have, or 
approximate, the composition [RNC6H4CH2(HCl)]n, and are to be con- 

I I 
sidered the hydrochlorides of the anhydro-p-alkylaminobenzyl alcohols. 
This essential structure was shown by reduction of these compounds to the 
corresponding alkyl-p-toluidines. 

2. When the same secondary amines are condensed with formaldehyde 
in acid solution, with prompt reduction of the initial condensation product, 
they are methylated to yield the corresponding tertiary amines. 

3. It is concluded that condensation of these monoalkylanilines with 
formaldehyde in acid solution involves primarily the nitrogen atom, and 

(20) V. Braun, Ref. 19, p. 2151. 
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R 
yields first a compound which contains the unit C ~ H ~ N /  , reducible \car- 
to methylalkylaniline. The formation of the anhydro-p-alkylaminobenzyl 
alcohol salts, which eventually occurs under the same conditions but ix 
absence of reducing agent, is therefore not the result of a special primary 
condensation, but of a secondary intra- or intermolecular action, prob- 
ably a coupling of the units shown in (1). 

4. By the procedures described either nuclear or N-methylation of 
albylanilines can be effected by means of forinaldehyde. 

PHILADELPHIA, PENNSYLVANIA RECEIVED AUGUST 1, 1932 
PUBLISHED FEBRUARY 9, 1933 

Alkyl-Nitroguanidines. Dearrangernent and Preparation by 
Nitration1 

Nitroguanidine dearranges in two modes and may be used for synthesis 
in two ways by taking advantage of the products which result from its 
dearrangement in one manner or the other. Thus, with ammonium 
carbonate it yields guanidine carbonate, and with primary aliphatic amines 
i t  gives N-alkyl-N'-nitroguanidines.Vhese alkyl-nitroguanidines, having 
a hydrogen atom attached to each of the guanidine nitrogens, are capable 
of dearrangement in two modes, as follows. 

RNH-C(NH)--NH-NO2 Fc { RNHz + HNCN-NO2 (1) 
RNCNH (or KNHCN) 4- NH2-NO2 (11) 

The first of these modes corresponds to the method by which the sub- 
stances have been synthesized from nitroguanidine; the second opens new 
possibilities of synthesis. We have therefore wished to  determine whether 
the alkyl-nitroguanidines dearrange in the predicted manner and to  
investigate their usefulness for the easy preparation of monoalkyl- and 
N,N1-dialkyl-guanidines by reaction with ammonia and with primary 
amines, respe~tively.~ 

As no alkyl-nitroguanidines have heretofore been prepared by the nitra- 
tion of alkyl-guanidines, we have studied that reaction in an effort to gain 
a further insight into the mechanism of the nitration of arnines, and have 
found that the only alkyl-nitroguanidines which we have been able t o  

(1) A summary of part of the Doctor's Dissertation of Robert C. Elderfield, Massachusetts Insti- 
tute of Technology. June, 1930. 

(2) Davis and Abrams, Proc. Am. Acad. Arts Sci., 61,437 (1928); Davis and Luce, 'rms JOURNAL, 
49, 2303 (1927). 

(3) Other papers on the urea dearraugement: Davis and Underwood, ibid., 44,2595 (1922); Davis 
and Blanchard, ibid., 46, 1816 (1923); Davis, Proc. Nat. Acad. Sci., l1,68 (1925); Davis and Blanchard, 
THIS JOURNAL, 61, 1790, 1801, 1806 (1929). 
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produce by this method are identical with those resulting from the other 
method of synthesis. The relation of this finding to the question of the 
basicity of the substituted guanidines is discussed. 

Dearrangement of the N-Alkyl-N'-nitroguanidines and its Application 
in Synthesis.-When methyl-nitroguanidine was refluxed with water, i t  
decomposed slowly into gaseous products, methylamine carbonate col- 
lected in the condenser, and the solution, after one hundred hours of boiling, 
yielded no residue on evaporation to dryness. No cyanic acid could be 
detected in the solution, and no trimethylisomelamine, from the polymeri- 
zation of methylcyanamide, could be isolated. The facts agree with the 
belief that dearrangement under these conditions occurred according to the 
second of the above-indicated modes. If the dearrangement had produced 
methylamine and nitrocyanamide, then the nitrocyanamide, decomposing 
in the manner usual with nitroamines, would have formed nitrous oxide and 
cyanic acid, the cyanic acid would have combined with the methylamine 
and methylurea would have been found when the solution was evaporated 
to dryness. If the dearrangement produced methylcyanamide and nitro- 
amide, the nitroamide would have decomposed into nitrous oxide and 
water, and the methylcyanamide, being extremely stable to polymerization 
in neutral solution, would have hydrolyzed slowly to methylamine, am- 
monia and carbon dioxide. In other experiments we have found positive 
proof of the presence of the alkylcyanamide, both by the production from 
it of mono- and dialkyl-guanidines and by the isolation of the trialkyl- 
melamine. 

When the alkyl-nitroguanidines were warmed with water and a large 
excess of ammonium carbonate, nitrous oxide was liberated and unsubsti- 
tuted guanidine carbonate was the principal product. Dearrangement 
occurred in the first mode corresponding to the process by which the alkyl- 
nitroguanidine was produced in the first place from nitroguanidine, nitro- 
guanidine was formed and dearranged in its turn to give nitroamide, which 
decomposed, and cyanamide which combined with the ammonia to form 
guanidine as has been demonstrated earlier. Methyl-, n-butyl- and 
benzyl-nitroguanidine thus yielded guanidine carbonate in 72-74% of the 
theoretical amount. In the experiment with n-butyl-nitroguanidine, 
a small amount of n-butylguanidine (4.2%) was isolated, indicating that 
dearrangement in the second mode took place to a small extent. 

When the alkyl-nitroguanidines were refluxed in water solution with the 
corresponding primary amine, nitrous oxide came off, and, instead of the 
expected dialkylguanidine, about 70% of the theoretical amount of the 
monoalkylurea was obtained. In  some experiments, however, a certain 
quantity of the dialkylguanidine was isolated. At first sight the produc- 
tion of the mono-substituted urea seems explainable in two ways. Either 
dearrangement took place in the first mode, and the nitrocyanamide lost 



nitrous oxide to form cyanic acid which combined with the amine to pro- 
duce the substituted urea; or, the dearrangement being in the second mode, 
the alkylcyanamide was hydrolyzed to the alkylurea by the action of the 
basts which were present. An experiment with N,N-dimethyl-N1-nitro- 
guanidine cast doubt upon the first explanation. This substance can 
dearrange in only one manner, namely, into dimethylamine and nitro- 
cyanamide. After refluxing for twelve hours with a water-alcohol solution 
of an excess of trimethylamine (chosen because it supplied alkalinity and 
would form a cyanate but not a zrea derivative), 92% of it was recovered 
unchanged, no allophanic ester was found, and the solution gave no test for 
cyanate. The second explanation is supported by the fact that a decrease 
in the alkalinity of the reaction mixture leads to a decrease in the amount of 
alkylurea which is formed and to an increase in the amount of dialkyl- 
guanidine. 

Cyanamide itself combines with water readily, especially in alkaline 
solution, to produce urea. Hetherington and Braham4 have studied the 
polymerization and hydrolysis of cyanamide in 0.01, 0.1 and 1.0 molal 
solutions of sodium hydroxide, and have found that urea is formed as well 
as dicyandiamide, increased alkalinity resulting in increased urea forma- 
tion. Buchanan and Barsky5 in an exhaustive and careful study have 
confirmed these results; cyanamide polymerizes to dicyandiamide in 
moderately alkaline solutions, but in strongly alkaline solutions i t  is 
entirely hydrolyzed to urea. Since the alkylcyanamides are-not known 
to form dimers corresponding to dicyandiamide, they would be expected- 
as we have found to be the case-to polymerize to trialkylisomelamines in 
solutions which are not strongly alkaline enough to hydrolyze them to  urea 
derivatives. Two sources of alkalinity existed in our experiments; the 
reaction mixtures were about three molal. in amine a t  the start, and the 
dialkylguanidines which are produced are strong bases, as we have re- 
p ~ r t e d , ~  and increased the alkalinity as the reaction progressed, thus 
militating against their further formation. 

Experiments were tried in which the alkalinity of the reaction mixtures 
was reduced by the addition of varying amounts of acetic acid. The 
increased hydrogen-ion concentration had the effect of inhibiting the 
dearrangement, and i t  was necessary to heat the materials in sealed tubes 
a t  175O. The primary amine, reacting with the alkyl-nitroguanidine, gave 
the best yields of N,Nf-dialkylguanidine (about 40 to about 50% according 
to the alkyl group) when the PH a t  the beginning of the experiment was 
about 6.13. This PH also corresponded to the lowest yields of the urea 
derivative. In more alkaline solutions the yields of the urea derivative 
were greater because of increased hydrolysis of the alkylcyanamide. In  

(4) IIetherington and Braham, THIS JOURNAL, 46, 828 (1923). 
(5) Buchanan and Barsky, ibid., 62, 195 (1930) 
(6) Davis and Eldettield, ibid., 64, 1499 (1932). 



more acid solutions they were greater because, as we believe. the increased 
acidity inhibited the addition of the amine to  the alkylcyanamide and so 
left the latter material available only for polymerization or for hydrolysis 
by the hot solution. We expect in the future to investigate more fully the 
conditions which influence the combination of a cyanamide with an am- 
monia derivative. In these sealed tube experiments, the products of the 
hydrolysis of the alkylcyanamides were isolated in the form of N,N1- 
dialkylureas, as would be expected, for the mono-substituted ureas, by 
dearrangement, would change over to these substances a t  the high tempera- 
ture which was used. 

When the alkyl-nitroguanidines were made to react in water solution 
with the corresponding amines by refluxing under a pressure (above atrnos- 
pheric pressure) of 508 cm. of mercury while carbon dioxide was bubbled 
through the liquid, about. 40% of the material was obtained in the form of 
N,N'-dialkylguanidine and about 40% in the form of trialkylisomelamine. 
The carbon dioxide reduced the alkalinity enough to prevent any consider- 
able hydrolysis of the alkylcyanamide resulting from the dearrangement 
and, in the less strongly heated solution, created a condition favorable for 

. the polymerization of that portion of the substance which did not combine 
with the amine. 

The dearrangement of the alkyl-nitroguanidines to form alkylcyanamide 
and nitroamide appears to be fully demonstrated by the isolation of the 
polymer of the alkylcyanarnide and of the several substances which corre- 
spond to  the interaction of the alkylcyanamide with water, with ammonia 
and with amines, respectively, by the evolution of nitrous oxide from the 
reaction mixtures, and by the fact, previously reported, that the alkyl- 
nitroguanidines give up their nitro group nitrogen quantitatively in the 
nitrometer. The conditions which promote the dearrangement are clearly 
not the conditions which most promote the addition of ammonia or of 
amines to the alkylcyanamide and a t  the same time most reduce the 
tendency of the alkylcyanamide to enter into the side reactions of hy- 
drolysis and polymerization. We conclude that the dearrangement of 
the alkyl-nitroguanidines does not supply the best method for the synthesis 
of substituted guanidines. 

The results however have another interest. They show that the mecha- 
nism of the hydrolysis of the alkyl-nitroguanidines is first dearrangement 
and then hydrolysis of the dearrangement products. The hydrolysis can- 
not be the replacement of the NH group by an oxygen atom with the 
formation of an alkyl-nitrourea, as would be expected if one accepts the 
conclusions of Bell,? who supposes that the production of urea from guani- 
dine, under the conditions where this "hydrolysis" occurs, is due to the 
hydrolysis of the guanidine molecule as a whole. We believe, on the 

(7) Bell, J .  Chem. Soc., London, 118, 1213 (1928); 120, 2074 (1928). 
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contrary, that the urea results from the hydrolysis of the cyanamide pro- 
duced by the dearrangement of the guanidine-just as in our experiments, 
where the alkyl group serves as a label or marker for the nitrogen atom to 
which i t  is attached, the alkylurea is certainly produced by the hydrolysis 
of the alkylcyanamide. 

Nitration of Alky1guanidines.-In guanidine salts the acid is possibly 
combined with one of the amino nitrogen atorns (or amino groups) in the 
same way, whatever that way may be, that hydrochloric acid, say, is 
combined with the aamonia nitrclgen atom (or the ammonia moleclde) in 
ammonium chloride. There is also the possibility that the acid may be 
combined in some manner with the guanidine molecule as a whole. The 
introduction of an alkyl group into ammonia increases its basicity, and the 
introduction of an alkyl group into guanidine would be expected to increase 
the basicity of the nitrogen atom to which i t  is attached and hence to impart 
greater basicity to the molecule as a whole. In a salt of such an alkyl- 
guanidine, i t  would be expected that the acid would be in combination 
with the alkylated nitrogen atom or amino group. If, now, the salt being 
a nitrate, an alkyl-nitroguanidine is formed from it by a process of de- 
hydration, the nitro group in the resulting compound would be attached to  
the nitrogen atom to which the nitric acid of the nitrate was previously 
attached, that is, to the nitrogen which carries the alkyl group. 

We have found that the nitrates of methyl-, n-butyl-, n-heptyl- and 
N,N-dimethylguanidine, when treated with concentrated sulfuric acid, 
yielded alkyl-nitroguanidines identical with those already known in which 
the nitro group is attached to a different nitrogen atom from that which 
carries the alkyl group or groups. If the nitro compound is produced by a 
process of dehydration, then the nitric acid in the nitrate was not attached 
to the alkylated amino group. If the nitrate reacts with the sulfuric acid 
to produce nitric acid which then nitrates the substance, then the nitric 
acid in the original nitrate may have been attached to the base in any 
manner whatever, whether to the alkylated or the non-alkylated amino 
group or to the molecule as a whole. 

Benzylguanidine nitrate carbonized on treatment with concentrated 
sulfuric acid producing sulfur dioxide; piperidylguanidine nitrate gave a 
yellow solution and some sulfur dioxide, and neither substance yielded a 
nitro compound. The nitrates of N,N1-dimethyl- and N,N',NV-tri- 
methylguanidine dissolved in sulfuric acid to yield solutions from which no 
nitro compound could be isolated and from which the bases (87%) were 
recovered in the form of picrates, 

Methyl-, n-butyl- and N,N-dimethylguanidine sulfate, on treatment 
with concentrated sulfuric acid and potassium nitrate, nitrated in the 
unsubstituted amino group as before, but now under conditions in which it 
is difficult to believe that the formation of the nitro compound was due to  a 
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process of dehydration. In a similar experiment with the sulfate of N,N1- 
diethylguanidine, and in an attempt to nitrate N,N',Nv-trimethylguani- 
dine with mixed acid, no nitro compound could be isolated and the bases 
were recovered in large part in the form of their picrates. We conclude 
that only those alkylguanidines which contain an unsubstituted amino 
group form nitro compounds by direct nitration, the nitro group entering 
the non-alkylated amino group. 

Since it seems less likely that the acid in the guanidine salt is attached to 
the unalkylated amino group than to the more basic alkylated one, and in 
view of the nitrations which have been accomplished without the prelimi- 
nary preparation of the nitrate, we conclude that the mechanism of the 
nitration is probably not dehydration. To test the matter further we have 
treated guanidine nitrate with a mixture of phosphoric acid and phosphorus 
pent~xide, a mixture which ought to be as strong and as prompt a de- 
hydrating agent as concentrated sulfuric acid, and have recovered over 
95% of the guanidine after thirty minutes heating a t  65' and after thirty 
hours standing a t  room temperature. After forty-eight hours a t  room 
temperature, during which time nitric acid or nitrophosphoric acid was 
doubtless produced, an 82% yield of nitroguanidine was secured. 

If the basicity of guanidine is a property of one of the nitrogen atoms 
(or amino groups) rather than of the molecule as a whole, then the introduc- 
tion of alkyl groups would be expected to increase the basicity of the sub- 
stance, or certainly not to reduce it.6 We have found that the rnonoalkyl- 
guanidines (which form nitro compounds) are as strong bases as guanidine 
itself, but that the N,N1-dialkylguanidines (which do not nitrate) are 
markedly weaker. The facts so far can be explained on the unlikely 
supposition, suggested above, that the strong basicity of guanidine and its 
monoalkyl derivatives is resident in the unsubstituted NH2 group (where 
nitration occurs). But that supposition is contradicted by the fact that 
N,N',Nn-trimethylguanidine (which does not nitrate) is again as strong a 
base as guanidine. The facts altogether suggest that the acid in guanidine 
salts is not attached to any particular part of the molecule but is attached 
to the molecule as a whole. 

Experiments 

Experiments which are indicated with sufficient fullness in the foregoing 
are not again described in this section. Experiments are reported in the 
order in which their results are discussed in the first section of the paper. 

Methyl-nitroguanidine and Ammonium Carbonate.-Ten grams of methyl-nitro- 
guanidine. 350 g. of ammonium carbonate. and 200 cc. of water were warmed together 
under reflux in the water-bath at  65-70° for five hours until everything had gone into 
solution. The liquid was evaporated to dryness, and the residue, after twice dissolving 
in water and precipitating with alcohol, yielded pure guanidine carbonate, 72% of the 
theoretical amount, identified by its melting point and by the melting points of the pic- 
rate, nitrate and nitro compound prepared from it. 



n-Butyl-nitroguanidine and Ammonium Carbonate.--A nlixturc of 20 g. of n- 
butyl-nitroguanidine, 500 g. of ammoniunl carbonate and 500 cc. of water required 
about seven hours of heating a t  65-70" before all of the n-butyl-nitroguanidine went into 
solution. Precipitation by alcohol yielded 8.31 g. of guanidine carbonate, 74%. The 
liquor from the precipitation yielded a gummy rnass on evaporation, and this, on treat- 
ment with ammonium picrate, gave 2.1 g. of a crystalline picrate. Four recrystalliza- 
tions from 20% alcohol gave the pure substance, bright yellow needles, melting sharply 
a t  154.5' and identified as butylguanidine picrate by analysi~.~ 

Methyl-aitroguanidine and Methylamine.-Ten grams of methyl-nitroguanidine, 
9 g. of a 33% methylamine solution, and 50 cc. of water were refluxed together on the 
boiling water-bath for three hours. A constant slow evolution of nitrctus oxide took 
place. Evaporation gave a thick sirup which yielded 8.00 g. of crystals upon treatment 
with dilute nitric acid. These, recrystallized from water, melted a t  12F128O with slight 
decomposition, in agreement with the melting point of methylurea nitrate reported by 
Franchim~nt.~ The nitrate, evaporated with a solution of an equivalent amount of 
potassium carbonate and worked up from acetone, yielded methylurea, m. p. 101°, 
identified by mixed melting point with a known sample. The yield of methylurea 
amounted to 69%. 

Ethyl-nitroguanidine and Ethylamhe.-A mixture of 13.2 g. of ethyl-nitroguani- 
dine, 15 g. of a 33% solution of ethylamine, and 50 cc. of water, after refluxing for three 
hours, was evaporated to a thick sirup which deposited 6.38 g. of crystals after standing 
for several days, m. p. 92" after recrystallization from acetone, identified as ethylurea by 
mixed melting point with a known sample; yield, 72.5%. 

n-Butyl-nitroguanidine and n-Buty1amine.-Ten grams of n-butyl-nitroguanidine, 
9 g. of n-butylamine and 30 cc. of water were heated together under reflux for five hours 
in a water-bath at  80' and for three hours in a boiling water-bath. Evaporation yielded 
a thick sirup which would not crystallize. Taken up in water and treated with an  ammo- 
nium picrate solution, it gave 3.2 g. of a picrate, m. p. 122.5" after recrystallization from 
dilute alcohol. 

Anal. Calcd. for di-n-butylguanidine picrate: N, 21.00. Found: N, 21.59'21.35, 
21.29. Yield of di-n-butylguanidine, 12.80%. The oil remaining from the picrate pre- 
cipitation could not be made to crystallize or to yield any precipitate with a variety of 
reagents. 

Effect of Hydrogen-Ion Concentration on the Reaction of an Amine with an  AlkyI- 
nitroguanidine.-Approximately 3 N solutions of the amines were made up and their 
exact strengths were determined by titration with standard acid. To portions of these 
solutions acetic acid was added in such amounts that the ratios of acetic acid to amine 
were known, and the hydrogen-ion concentrations of the mixtures were determined elec- 
trometrically. Weighed portions of the alkylnitroguanidines were heated in sealed 
tubes a t  175" for eight hours with quantities of the various solutions which contained in 
every case 1.1 molecular equivalents of the corresponding amine. After the heating 
the tubes contained considerable gas under pressure. 

In the experiments with n-butylamine and n-butyl-nitroguanidine, no attempt was 
made to obtain dibutylurea because of the difficulties attendant upon the quantitative 
estimation of that substance. The contents of the sealed tubes were washed out, and 
the dibutylguanidine was precipitated as picrate, which was collected, washed, dried, 
weighed, recrystallized from benzene and identified by mixed melting point with a 
known sample. 

(8) Analyses of nearly all the sulfates, nitrates and picrates which are mentioned in this gaper 
have been reported in an earlier article.6 

(9) Franchimont, Rec. truer. chim. Pays-bas., 3,  220 (1884). 



In  the experiments with n-amylamine and n-amyl-nitroguanidine, the contents of 
the sealed tubes were washed onto filters, the solid matter was washed with cold water 
until the washings gave no precipitate with ammonium picrate, and the diamylurea 
which remained was dried, weighed, recrystallized from water, and identified by mixed 
melting point, 92.g0, with a known sample. The filtrates were precipitated with ammo. 
nium picrate, and the precipitates collected, etc., and recrystallized from benzene to 
constancy of melting point a t  108O. 

In the experiments with the n-heptyl derivatives, the reaction mixture was worked 
up in the same manner. The di-n-heptylurea, after recrystallization from dilute alcohol, 
melted a t  91 as reported by Manuelli and Ricca-Rosellini,lO and its melting point was 
not lowered by mixture with a sample, m. p. 91 O, prepared from nitrourea and n-heptyl- 
amine. The di-n-heptylguanidine picrate, after recrystallization from alcohol, melted 
a t  278 with decomposition. 

Anal. Calcd. for di-n-heptylguanidine picrate: N, 17.35. Found: N, 17.21,17.51. 
In  the experiments with the benzyl derivatives, the dibenzylguanidine could not be 

determined as picrate for the reason that benzylamine picrate precipitated a t  the same 
time and could not be separated from it. The dibenzylurea was collected by filtering the 
reaction mixture, recrystallized from dilute alcohol, and identified by mixed melting point 
with a known sample. 

The results of the series of experiments are summarized in Table I 

TABLE I 

~ZFFECT OF HYDROGEN-ION CONCENTRATION ON THE PRODUCTS OF THE REACTION OF A 

PRIMARY AMINE WITH THE CORRESPONDING ALKYLNITROGUANIDINE 
-Yield, %- 

Ratio of acetic Dialkyl- Dialkyl- 
Alkyl acid to amine PH urea guanidlne 

n-Butyl 1.1 5.34 . . 13.5 
n-Butyl 1.0  5.59 . . 32.6 
n-Butyl 0 . 9  6.13 . . 38.2 
n-Butyl 0 .8  9.51 . . 17.6 
n-Amy1 1.1 5.67 37.1 16.0 
78-Amy1 1 .0  6 .  13 28.1 47.0 
n-Amy1 0 . 9  9.46 33.0 42.1 
n-Amy1 0 .8  9.90 45.3 32.9 
n-Heptyl 1.1  5.63 39.5 41.4 
n-Heptyl 1.0  6.12 20.5 52.8 
n-Heptyl 0 .9  8.61 49.0 37.2 
n-Heptyl 0 . 8  9.07 53.9 21 .2  
Benzyl 1.1  6.06 8 . 2  . . 
Benzyl 1 .0  7.96 11.1 . . 
Benzyl 0 .9  8.56 13.1 . . 
Benzyl 0 .8  8 .84  15.1 . . 

Effect of Carbon Dioxide.-Ten grams of methyl-nitroguanidine and 150 cc. of 
21% methylamine solution were refluxed together under a pressure (above atmospheric 
pressure) of 508 cm. of mercury while carbon dioxide was bubbled through the solution. 
At the end of ten hours all of the methyl-nitroguanidine had disappeared and the solu- 
tion no longer gave a blue color when a test portion was treated with a solution of di- 
phenylamine in concentrated sulfuric acid. The reaction mixture, evaporated to a 
small volume and chilled, gave a white solid which, after recrystallization from a little 

(10) Manuelli and Ricca-Rosellini, Gum. chim. ifal . ,  29, 11. 135 (1899) 
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water, showed the double melting point which has been reported for trimethylisomelam- 
ine," namely, 123-124' and 179"; yield, 41.3%. 

A w l .  Calcd. for trimethylisomelamine: N, 50.00. Found: N, 49.41. The fil- 
trate from the trimethylisomelamine, on precipitation with ammonium picrate, gave 
11.8 g. (40.2%) of N,NP-dimethylguanidine picrate, m. p. I78O after recrystaifization 
from water. 

Ten grams of n-butyl-nitroguanidine, 20 g. of n-butylamine, and 150 cc. of water 
were similarly rduxed for twelve hours under pressure and in the presence of carbon 
dioxide. Two liquid phases remained. The aqueous phase, on precipitation with am- 
nionium picrate, yielded 11.05 g. (42.4%) of N,Nt-di-n-butylguanidine picrate, m. p. 
122.5' after recrystallization from benzene. The oily phase, consisting probably of 
tri-n-butylisomelamine, could not be made to crystallize. 

Ten grams of benzyl-nitroguanidie, 20 g. of benzylamine, and 150 cc. of water were 
similarly refluxed for fifteen hours. The solution on cooling deposited a white solid 
which, collected, dried and recrystallized from n-butyl alcohol, yielded 5.95 g. of tri- 
benzylisomelamine (46.3y0). StrakoschlP previously prepared this substance but did 
not report the melting point. We find that it melts first at  146-147", then solidifies, 
and finally melts again with decompositioii a t  157-15S0. 

Anal. Calcd. for tribenzylisomelamine: N, 21.21. Found: N, 2 1.01, 20.92. 
The dibenzylguanidine in the reaction mixture was not determined because of the difli- 
culty of separating its picrate from the picrate of benzylamine. 

Action of Concentrated Sulfuric Acid on Alkyfguanidine Nitrates.-Four grams of 
niethylguanidine nitrate was stirred slowly into 5 cc. of concentrated sulfuric acid cooled 
in a freezing mixture. The resulting thick paste was drowned in 30 cc. of cracked ice and 
water, and the material which precipitated, recrystallized once from alcohol, yielded 
3.2 g. (91%) of N-ethyl-Nt-nitroguanidine, m. p. 160-161°, identified by mixed melting 
point with a known sample, m. p. 160.5-161 '. 

Four grams of n-butylguanidine nitrate, by the same procedure, gave 3.1 g. (%yo) 
of N-n-butyl-N'-nitroguanidine, m. p. 84.5'. 

Three grams of N,N-dimethylguanidine nitrate, treated similarly with 4 cc. of 
concentrated sulfuric acid, gave 2.29 g. (87%) of N,N-dimethyl-N'-nitroguanidine, m. p. 
194.5 ". 

N-n-Heptyl-N-nitroguanidine has not heretofore been described. A sample pre- 
pared by the action of 2 cc. of concentrated sulfuric acid on 0.3 g. of heptylguanidine 
rlitrate was found to be identical with material prepared from heptylamine and nitro- 
g~anidine,~ as follows. Twenty grams of nitroguanidiie, 25 g. of n-heptylamine and 
100 cc. of water were heated together in the water-bath a t  65-70" for about an  hour until 
all of the nitroguanidine had gone into solution. The reaction mixture was then chilled 
and saturated with carbon dioxide, and the neptyl-nitroguanidine which separated was 
collected and recrystallized from alcohol to constancy of melting point a t  115'. 5 g. 
(13.5%). 

Anal. Calcd. for heptyl-nitroguanidine: N, 27.92. Found: N, 27.86,27.87. 
The a t ra te  from the carbon dioxide treatment was divided into two portions. One 

portion on precipitation with ammonium picrate gave n-heptylguanidine picrate, light 
yellow needles from 20y0 alcohol, m. p. 140.5'. The other, evaporated to dryness and 
treated with dilute nitric acid, yielded n-heptylguanidine nitrate, stout colorless needles 
from water, m. p. 86". The total amount of heptylguanidine obtained from this ex- 
periment was 38%. 

(11) Freund and Sehwartz, Bcr., 99,2498 (1896); McKee, Am. Chcm J., 36,208 (1906). 
(12) Strakosch. Be?.. 6, 694 (1872). 



Nitration of Alkylguanidine Sulfates.-Threc grams of tnethylguat~idine sulfate 
was slowly stirred into 5 cc. of concentrated sulfuric acid chilled in a freezing mixture, 
2.50 g. of potassium nitrate was added, the mixture was allowed to stand for five minutes 
and was drowned in 30 cc. of cracked ice and water. The product, after recrystalliza- 
tion from alcohol, amounted to 2.15 g. (75%) of N-methyl-N'-nitroguanidine. 

An experiment with 2.15 g. of n-butylguanidine sulfate, 5 cc. of concentrated sul- 
furic acid and 1.85 g. of potassium nitrate yielded 1.95 g. (87%) of N-n-butyl-Nf-nitro- 
guanidine. 

One with 3 g. of N,N-dimethylguanidine sulfate, 5 cc. of concentrated sulfuric acid 
and 2.43 g. of potassium nitrate gave 2.09 g. (75%) of N,N-dimethyl-N'-nitroguanidine. 

Five grams of guanidine sulfate, 10 cc. of concentrated sulfuric acid, and 4.80 g. of 
potassium nitrate gave 4.18 g. (87%) of nitroguanidine. 

Attempts to Nitrate N,N',NW-Trimethylguanidine Nitrate.-Three grams of 
N,N',NU-trimethylguanidine nitrate was stirred slowly into a mixture of 4 cc. of concen- 
trated sulfuric acid and 2 cc. of nitric acid (1.42). Eighty-six per cent. of the material 
was recovered in the form of picrate. Three grams of the nitrate was added to 10 cc. of 
absolute white nitric acid; after haif an hour a t  rooin temperature the mixture was 
drowned-and 78% of the material was recovered. Two grams of the nitrate, evapo- 
rated to dryness on the steam-bath with 20 cc. of absolute nitric acid, left a residue of 
1.4 g. of the unchanged nitrate. 

Action of Phosphoric Acid on Guanidine Nitrate.-Twenty cc. of 85% phosphoric 
acid was mixed with a 50 cc. volume of phosphorus pentoxide, 5 g. of guanidine nitrate 
was added, and the mixture was heated to 65' and held there for thirty minutes without 
signs of decomposition. When the mixture was drowned, there was no precipitate and 
97% of the guanidine was recovered in the form of picrate. 

Similar mixtures were allowed to stand a t  room temperature for periods up to thirty 
hours, and in each case 95% or more of the guanidine was recovered. A mixture which 
stood for forty-eight hours a t  room temperature, and was then drowned, yielded 3.5 g. 
(82%) of nitroguanidine. 

Summary 

N-Alkyl-Nf-nitroguanidines dearrange in aqueous solution to form 
alkylcyanamides from which N,Nf-dialkylguanidines may be produced by 
combination with primary amines. The tendency of the alkylcyanamides 
to  hydrolyze or to polymerize impairs the usefulness of the synthesis. 
If the reaction mixtures are acidified with acetic acid to PH about 6.13, 
yields of 40-50% of the dialkylguanidines may be obtained. 

The hydrolysis of the N-alkyl-Nf-nitroguanidines is really the hydrolysis 
of their dearrangement products. 

Monoalkylguanidines and N,N-dialky-lguanidines nitrate on the non- 
alkylated nitrogen atom. We have not been able to nitrate other alkyl- 
guanidines. 

The mechanism of the nitration is evidently not loss of water from the 
nitrate. 

The basicity of guanidine and its derivatives is evidently a property of 
the molecule as a whole and not a property of any particular nitrogen atom. 

CAMBRIDGE, MASSACHUSETTS RECEIVED AUGUST 2,1932 
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Semicarbazone Formation, and the Incomplete Dissociation 
of a Salt of the Ammonium Type 

BY PAUL B. BARTLETT' 

Semicarbazone formation is a reaction of a base with a neutral com- 
pound, catalyzed by an acid 

R. ' (HA) 
H2NCONHNHn + \CO HzNCONHN=C<E, C 3310 

R/ 

The rate of the reaction, in very dilute aqueous solution, is proportional to 
the concentration2 of each of these three molecular species. In the absence 
of unexpected complications, this proportionality should be maintained 
at  least up to a 0.5 M concentration of the catalyst, as in the well-known 
cases of general acid cataly~is.~ 

However, in the case of furfural reacting with semicarbazide under the 
catalytic influence of acetic acid, the relationship between acid concentra- 
tion and rate of reaction is a linear one only below 0.05 M acid.4 Above 
this value the curve (shown in Fig. 1) flattens off rapidly with increasing 
acid concentration, until a t  an acid concentration of 0.42 M the reaction 
rate constant is only one-fifth of that predicted from the values a t  the 
lowest concentrations. These measurements were made in different 
dilutions of an acetic acid-sodium acetate buffer, the PH and ionic strength 
being kept constant. - In buffers of the concentration used, the catalytic 
effect of the hydrogen ion is much less than that of the undissociated acetic 
acid. 

The type of curve which represents this abnormal behavior is just that 
which would be expected if the salt, semicarbazide acetate, were not 
completely dissociated in aqueous solution, but existed in an undissociated 
molecular form in increasing amount with increasing concentration of free 
acetic acid. If this were the case, the relationship at any PH between the 
bimolecular velocity constant k and the acid concentration [HA] should be 

b[HAI 
= [HA] 4 K ,  

K,  is the dissociation constant of the salt into molecular acid and molecu- 
lar base, kh is the reaction rate due to hydrogen ions, and b is the constant 
upper limit approached by the second term of the equation. 

(1) National Research Fellow. 
(2) Conant and Bartlett, THIS JOURWAL, 64, 2881 (1932). 
(3) A strictly linear relationship between acid concentration and reaction rate was found by Daw- 

son, Hall, and Key [J .  Cham. SOG., 2847 (1928)l for the iodine-acetone reaction catalyzed by acetic acid 
up beyond 0.5 M .  Bronsted and Guggenheim [Tars JOURNAL, 49, 2573 (1927)] measured the rate of 
the mutarotation of glucose with formic acid up to 0.25 M, alao without deviations from the linear re- 
lationship. 

(4) Conant and Bartlett, Ref. 2, p 2890 
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The constant kh is a difficult quantity to measure, since this reaction 
requires buffered solutions in order to yield velocity constants and therefore 
cannot be run in dilute strong acids. The value of kh in the present case 
can be estimated by extrapolation from the first two points on the curve. 
The value so obtained is 8.8. 

In Fig. 1 is shown the curve for Equation (1) when kh = 8.8, b = 149 
and k, = 0.119. The closeness of fit of this curve supports the hypothesis 
of incomplete dissociation of the salt. 

2 
0.1 0.2 0.3 0.4 0.5 

Concentration of acetic acid, mole per liter. 
Fig. 1.-Reaction rate as a function of acetic acid concen- 

tration at 25': upper curve, furfural + semicarbazide; middle 
curve, pyruvic acid + semicarbazide; lower curve, acetone semi- 
carbazone + water. 

That this non-linear relationship between reaction rate and catalyst 
concentration does not occur when semicarbazide is not one of the re- 
actants is shown by the rates of hydrolysis of acetone sernicarbazone a t  
different concentrations of an acetate buffer of PH 4.60. Here the rate is a 
linear function of the acid concentration up past 0.5 M (Fig. I), as in the 
case of other acid-catalyzed reactions. 

Equation (I) would fit equally well if the incomplete dissociation in 
question were that of a furfural acetate. However, if such a product 
existed in mobile equilibrium with its dissociation products, with as small a 
dissociation constant as 0.12, it could be easily prepared by dissolving 
furfural in glacial acetic acid. There is no noticeable heat effect on mixing 
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these two liquids; and no product can be recovered from the solution ex- 
cept the furfural and acetic acid themselves. 

A further evidence that the equilibrium measured concerns the semi- 
carbazide, and not the aldehyde, is offered by three rate measurements on 
the formation of pyruvic acid semicarbazone in acetate buffers of different 
concentrations. Application of Equation (I) yields a value of K, within 
10% of that determined from the runs with furfural. If K, does not vary 
with the nature of the carbonyl compound involved in the reaction, then 
the carbonyl compound does not enter into the measured equilibrium. 
The similarity of the curves of rate against acid concentration is shown in 
Fig. 1. The constants for the case of pyruvic acid are kh 3 64, b = 1060 
and K,  = 0.108. 

Since the successes of the Debye-Hiickel theory, salts of the ammonium 
type have been generally regarded as completely dissociated in aqueous 
solution, and this is believed to be the first case where the dissociation 
constant of such a salt has been subject to measurement. This is not a 
favorable case for conductivity methods because of the high degree of 
"hydrolysis" of the salt. The positive ion of semicarbazide has #KA = 

3.ffi at 25' at = 0.0FL5 Acetic acid has = 4.63 a t  the same ionic 
strengtk6 Very closely, then, in any solution of semicarbazide acetate 

Therefore if the molecular dissociation constant 

then the ionic dissociation constant 

Since semicarbazide is only very slightly soluble in benzene (0.003 g. in 
100 cc.), an attempt was made to measure the dissociation of semicarbazide 
acetate by distribution of acetic acid between benzene and an aqueous 
solution of semicarbazide acetate. But it was found that the presence of a 
small amount of acetic acid renders semicarbazide much more soluble in 
henzene. A molar solution of acetic acid in benzene will dissolve 0.5 g. of 
semicarbazide per 100 cc., or 160 times as much as pure benzene will dissolve. 
This disturbance is sufficiently great to render the distribution method 
unreliable. 

Application to Preparation of Semicarbazones.-The incomplete dis- 
sociation of semicarbazide acetate has the consequence that the equi- 
librium reached in the hydrolysis of a semicarbazone, beside being deter- 
mined by PH in the manner found by Conant and Bartlett,2 depends also 

(5) Bartlett, THIS JOURNAL, 64, 2853 (1932). By an error in the manuscript, the correct values 
3 68 at 24O and 3.66 at 25' appear interchanged in this paper. 

(6) Cohrt. Heyroth and Menkin, ihid., 50, 696 (1928). 



upon the concentration of undissociated acid in acetate, and probably in 
varying degree also in other buffers. If we neglect the reaction due to 
hydrogen ion, which is a small fraction of k in strong buffer solutions, we 
may write the approximate equations 

k'  = c[HA] (3) 

which defines c, the specific catalytic constant of the acid HA in the hy- 
drolysis of the semicarbazone, and 

b [HA 1 
= [HA] + K, 

then the equilibrium constant K for the hydrolysis is given approximately 
by 

K = (K,, + [HA!) ( 5 )  

Therefore in preparing semicarbaz~nes in the uswal manner, from semi- 
carbazide hydrochloride and sodium acetate, the yield is diminished if the 
acetic acid concentration is allowed to rise much above the value of K,, 
or 0.12. When the acid is a t  this concentration, the rate of formation of 
the semicarbazone is, by Equation (I), a t  more than half its maximum 
value for that buffer, so that any advantage of having more acid present is 
more than offset by unfavorable effects on the equilibrium. 

Theoretical Part 

Derivation of Equation (I).-At a constant PH a constant fraction of 
the semicarbazide present is in the free-base form. Dividing the observed 
velocity constants by this fraction gives these constants referred to the 
free-base form. The constants appearing in the tables have been so 
corrected. We may then, for simplicity, assume that the solution con- 
tains only the form HzNCONHNHz (represented SH2) in equilibrium with 
acetic acid (HA) and the undissociated salt (SH3A). The dissociation 
constant of the latter is defined as 

K,  = [SH2] [HA]/[SHaA] whence 
[SHsA I = [SH2 I [HA l/Km 

Assuming that SH3A is unreactive, the velocity constant due to HA as a ' 

catalyst, (k - kh), will be proportional to the fraction 
[SHz I/( [SHz 1 + [SHIA I)  

and to [HA]. Since HA in this work is a buffering acid, and its concentra- 
tion is large compared to that of SH3A, we may write 

k - k  - IsHz1 [HA] 
- a [SHz] f [SHsAl 

where a is a proportionality constant. Substituting from above for 
ISH2Al. we have . - 

[SHz! [HA1 = a X ,  [HA] k - k h = a  
[SHzIIl + [HAI/Km) Km f [HA] 
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Defining b = aK, 
k - k  - b[HAl 

- [HA1 + K,  

For the purpose of fitting to data, Equation (1) is thrown into the form 

b - ----- K , = k - k h  
[HA I 

and the unknowns b and K,  are determined by the solution of normal 
equations formed from the several observations. 

The Temperature Coefficient.-One of the unusual characteristics of 
the semicarbazone reaction is its very low temperature coefficient which, 
in the case of acetone reacting with semicarbazide in a phosphate buffer of 
PH 7, corresponds to a heat of activation of only 2500 calories. It has 
seemed plausible to regard this reaction as between one of the molecular 
species involved and a binary complex in equilibrium with the other two. 
If this complex were formed with evolution of heat, its greater dissociation 
a t  the higher temperatures would work to counteract its increased reaction 
rate in formation of the final product, thus explaining the low over-all 
temperature coefficient of the reaction. 

One is therefore on the lookout for a complex in equilibrium with any two 
of the reactants in semicarbazone formation. With the discovery that 
molecular semicarbazide acetate exists in equilibrium with semicarbazide 

Fit of the equation k = 8.8 + 149 [HA 1 
[HA] + 0.119 

[HA1 (k  - 8.8) calcd. k(calcd.) k(obs.) Deviation, yo 
0.0173 18.9 27.7 26.4 4 .9  

.0273 27.8 36.6 37.0 1 . 1  

.0395 37.1 45.9 47.4 3 . 2  

.0718 56.0 64.8 65.3 0 . 8  

.424 116.1 124.9 125.4 0 . 4  

Average 2 . 1  
The observed constants of Conant and Bartlett have been divided by 0.85, to be 

expressed in terms of pure SH2 rather than a mixture of SH2 and SHJ+. 

Fit of the equation k = 64 + lO6O[HA] 
[HA] + 0.108 

[ H A ]  (k  - 64) calcd. k (calcd.) k (obs.) Deviation, '% 
0.0585 372 436 420 3 . 8  

. l o4  520 584 613 4 . 4  

.457 857 92 1 915 0 .6  - 
Average 2.9 



Fit of the equation k = 5.5 f 84 [HA I 
[HA] + 0.115 

[HA1 (k - 6.5) calcd. k (calcd.) k (obs.) Deviation, % 
0.0259 15.5 21.0 22.1 5 . 0  

.0568 27.8 33.3 31.6 5 . 4  

. lo0 39.2 44.7 44.2 1 . 1  

.I48 47.3 52.8 49.9 5 . 8  

.248 57.5 63.0 65.3 3 . 5  
,405 65.6 71.1 72.6 2 .1  - 

Average 3 .8  

and acetic acid, the hypothesis that this may be the desired intermediate, 
however improbable, deserves consideration. 

Semicarbazide acetate is ruled out as the kind of intermediate sought, 
by the fact that K,, deter- 
mined from a set of buffer- 
dilution rate measurements 

120 - with furfural a t  0°, has the 
same value within the experi- 
mental accuracy as at 25'. I t  

100 . will be noticed, however, that 
on account of the constant 

80 - ratio between [HA] [SH2 1 and 
[SH3A], Equation (1) would 

Ipi apply equally well if SH3A were 

ti0 - the reactive form and SH2 and 
HA were inactive. 

In Fig. 2 the curves of cata- 

40 - lyst concentration vs. rate of 
reaction in formation of fur- 
fural semicarbazone a t  25 and 

20 - at  O0 are shown. Extrapola- 
tion of the data a t  O0 yields a 
kh of about 14, and direct ap- 
plication of the three-constant 

0.1 0.2 0.3 0.4 equation (1) gives a value of 
[HA]. 8.3. I t  may be that the hydro- 

Fig. 2.-Rate of formation of furfural semicar- gen-ion catalyzed reaction has 
bazone as a function of acetic acid concentration: 
upper curve, 25'; lower curve, 0'. a zero or negative temperature 

co&cient (Kilpatrick and Kil- 
 atr rick^ have shown that the heat of activation of the mutarotation of 
glucose varies by as much as 1700 calories with different catalysts). But in 

(7) Kilpatrick and Kilpatrick, THIS JOURNAL, 68, 3698 (1931) 



Feb., 1933 SEMICARRAZONB FORMATION 747 

this case, in view of the limited accuracy of extrapolation from the data, 
it seems more legitimate to estimate kh at O0 by ascribing the same fraction 
of the catalysis at  a given concentration to the hydrogen ion as a t  25O. This 
has been done, and the value kh = 5.5 is used in the calculations. This re- 
action should prove rewarding to more accurate physico-chemical study. 

The constants obtained at O0 are kh = 5.5, b = 134 and K ,  = 0.115. 
The fit of the equation to the data is shown in Table 111. 

Question of the Reaction Path.-This reaction brings out clearly a fact 
inherent in all acid and basic catalysis. Consistent results have been 
obtained from the first by treating the reaction as if it were between the 
uncharged, basic form of semicarbazide and the ketone or aldehyde, cata- 
lyzed by the uncharged acetic acid. However, in any solution containing 
both a base B and an acid HA, on account of the equilibria 

B + H +  BH" and 
A- 4- H + e  HA 

there is, independent of PH, a constant ratio 

[BlIHAl/[BH+l[A-I 

a relationship of which Equation (2) is the expression in the present case. 
It follows that any formulation of a reaction as an acid catalysis of any 
base, however weak, can be replaced by a formulation of the same reaction 
as a basic catalysis of the conjugate a c 2  of the substrate. Semicarbazone 
formation might equally well be described as a reaction of the ion Hz- 
NCONHNH8+, catalyzed by the acetate ion. None of the kinetic methods 
at our disposal will distinguish between the possible reaction paths. 

If the temperature coefficient of this reaction had first been measured in 
acid solution, or if the basic catalysis interpretation had been applied, 
the heat of activation would have had the not unusual value of 14,100 
calories, instead of the 3100 calculated from the rates a t  0.100 M acid, in 
Tables I and 111. This follows from the change in the relative acidity 
constants of the semicarbazide ion and acetic acid with the temperature, 
from which the heat value 

H~NCONHNHZ + CHsCOOH --+- HzNCONHNHa+ + CH3COO-; 
AH = - 11,000 calories 

is obtaiued. Thus, the #air of ions H2NCONHNH3f and CHsCOO- 
fulfil the thermodynamic criterion for an "intermediate" in the reaction, 
but this fact does not advance our knowledge of the mechanism. 

Experimental Part 

The velocity measurements on the hydrolysis of acetone semicarbazone 
and the formation of furfural and pyruvic acid semicarbazones were 
carried out in the manner previously described. Three acetate buffer 
solutions were used,2 in varying dilutions. 



Use 

Pyruvic acid runs 
Furfural runs 
Acetone semicarbazone runs 

The ionic strength in these runs was not held constant, since the salt 
effect in the reaction is slight. However, this necessitates corrections in 
the more dilute solutions for the fact that the $KA for semicarbazide ion 
changes with ionic strength in the opposite direction to the pKA of acetic 
acid. fiKA for semicarbazide ion was taken as 4.40 above p = 0.08 a t  0°, 
and was assumed below ,u = 0.08 to be equal to 4.26 + dji. 

For the runs a t  25O, a thermostat regulated within O.O1° was used, and 
for the runs a t  0°, an ice-bath. 

The concentration of semicarbazide was determined by titration a t  PH 

7 with 0.02 N iodine. Five titrations were made during the course of a 
velocity run. The mean deviation of the constants in any one run was 
from 0.6 to 3.8%. The condensation velocity constants were corrected by 
dividing each by the fraction of the semicarbazide in the free-base form at  
the PH of the reaction. 

DATA TO ILLUSTRATE DETERMINATION OF VELOCITY CONSTANTS FURFURAL 4 
SEMICARBAZIDE AT 0.1 * 0.1 

49.8 cc. buffer, 100 cc. water, 4.96 cc. each of 0.1604 M furfural and 0.0919 M 
3emicarbazide hydrochloride. yo = 0.00499 (furfural); xo = 0.00285 ([SHt] + 
[SH3']); [HA] 4 0.148; PH = 4.59 

Sample, 
Minutes cc. 

1 .15 10 
5.71 10 

10.72 10 
15.28 10 
20.12 10 

Iodine, 
CC. x Fraction Log k Dev. % 

4.57 0.00228 2.026 0.3066 
2.66 .I326 2.804 ,4478 31.1 0 .7  
1.65 .823 3.985 .6004 30.7 . 3  
1.17 .583 5.345 .7279 29.8 .6  

.81 .405 7.55 .8779 30.1 . 3  - - 
0.27 ) Average30.4 . 5  1 .6  

:: I whence equilibrium K = 0.00004 

.20 

The solubility of semicarbazide in benzene, with and without acetic acid, 
was determined by extracting aliquot portions of the saturated benzene 
solution with 0.1 N hydrochloric acid, and titrating the extract, after 
bringing to PH 7 with 0.02 N iodine: 2 cc. of saturated semicarbazide in 
benzene required 0.22 cc. of iodine; 2 cc. of saturated semicarbazide in 1 N 
benzene-acetic acid took 29.0 cc. of iodine solution, a t  25'. 

The data for hydrolysis rate of acetone semicarbazone as a function of 
catalyst concentration are given in Table V. 



TARLE V 

KATE OF HYDROLYSIS OF ACETONE SEMICARBAZONE AT 2jU,  AS A OF ACETIC 

ACID CONCENTRATION, PH 4.60 
IHAI k No. of detns. Mean cleuiation, % 

0.0550 U ,0672 5 1.6 
.I375 .I24 3 3 .2  
.311 .226 5 3 . 1  
.535 .379 2 0 . 8  

The author is appreciative of the helpful interest shown in this work by 
nrs.  13. A. MacInnes, Theodore Shedlovsky, and A. 5. Brown, and by  Pro- 
fessor V. K. La Mer; and is especially indebted to Professor J. M. Nelson 
for the hospitality of his laboratory, where this work was carried out. 

Summary 

1. Evidence is found that sernicarbazide acetate, a salt of the ammon- 
ium type, is incompletely dissociated in aqueous solution, from the depend- 
ence of the rate of semicarbazone formation on acetic acid concentration. 

2. The dissociation constant of this salt into molecules has the ap- 
proximate value 0.12, both a t  25 and at  0'. 

3. Consequences of this new equilibrium effect, for semicarbazone 
preparation and for the mechanism of the reaction are discussed. 

NEW YORK, N.  Y. RECEIVED AUGUST 2,1932 
PUBLISHED FEBRUARY 9,1933 

[CONIRIBUTION FROM THE CHEMICAL IJABORATORY OP THE UNIVERSITY OF CINCINNATI] 

The Betti Condensation. Effect of Substituents on the 
Stability and Optical Rotation of the Resulting Amines 

In 1900 Mario Betti first reported the condensation of benzaldehyde, 
ammonia and @-naphthol to give a SchS base, I. On hydrolysis with 
hydrochloric acid phenyl-P-naphtholaminomethane hydrochloride and 
benzaldehyde resulted,' 11. 

H H 
CbH&12N=-CHCsH5 HCl C6H6CNH2HCl 

/c\ ----+ P\ + CsHaCHO 
H6Ce==COH HaCs=COH 

I I1 

The reaction was extended by the use of primary amines instead of 
ammonia, and quite recently Littman and Brode2 have further extended 
the application to secondary amines. 

Betti3 in a study of optical rotation has condensed his amine with sub- 
(1) Betti, Gazz chzm. +tal , 80, 11, 310 (1900), 31, I, 3SG (1901) 
( 2 )  Littman and Brode, THIS JOURNAL, 52, 1655 (1930). 
(3) Betti, Gazz ~ h z m  ~ t a l  , 36, TI, 392 (1906); 37, I, 63 (1907): 46, I,  200 (1916), 50, 11, 276 (1920) 



stituted aldehydes and measured the rotation of the resulting SchiiT base, 
but, in so far as we have been able to find, no one has investigated the use 
of substituted benzaldehydes in the original condensation with ammonia 
and &naphthol. 

This investigation was undertaken to test the general applicability of 
Betti's condensation. In the present paper the condensation of ortho-, 
meta- and para-chlorobenzaldehydes with ammonia and 8-naphthol is dis- 
cussed together with a preliminary report on the use of nitrobenzaldehydes. 

Betti's amine is readily decomposed, especially in alkaline solution, to 
give benzaldehyde and 8-naphthol. The benzaldehyde thus liberated 
combines with a molecule of the amine to form the original Sch8  base. 
It was hoped that by the use of substituted benzaldehydes more stable 
amines would result. Just the opposite has, however, proved to be the 
case. 

The reaction of the three monochlorobenzaldehydes followed closely 
that of benzaldehyde but the resulting amines were less stable than the 
amine from the unsubstituted aldehyde. The order of stability was: 
H > m-C1 > o-CI > p-C1. 

The chloro substituted amines were also much more difFicult to separate 
into their optical antipodes. Tartaric acid, which effects a satisfactory 
resolution of the unsubstituted amine, gives with the chloro compounds an 
insoluble racemic salt. The ortho and meta compounds were finally 
resolved with the aid of 1-malic acid but the para resisted all efforts a t  
resolution. The order of optical activity was: o-C1 > m-C1 > H > p-C1(?). 

The p-chloro compound could not be resolved. There are two probable 
explanations: the most usual of which is that the right conditions were not 
obtained; the other, which we favor, is that the instability of this amine 
precluded its resolution. While satisfactory resolution of the dextro form 
of the ortho and meta chloro compounds was possible, it was extremely 
difficult to obtain the more soluble levo antipodes in a state of purity. 
Even evaporation of an ether solution at  room temperature caused some 
decomposition and racemization of the amines. 

When the nitrobenzaldehydes were mixed with P-naphthol and alcoholic 
ammonia they reacted to the extent of 90% or more with the ammonia to 
give the nitrohydrobenzamide. In the case of the m-nitrobenzaldehyde in 
addition to the hydrobenzamide a small amount of a compound melting at  
198' was recovered. This is now under investigation and will be the 
subject of a subsequent paper. 

Evidently as the substituents increase in negativity there is less tendency 
for the 8-naphthol to take part in the reaction. 

Experimental Part 
m-Chlorophenyl-B-naphtho1aminomethane.-Eleven grams (1  mol equiv ) of P- 

naphthol was dissolved in 25 cc. of 95% alcohol to which 20 g. (2 mol equiv.) of m- 
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chlorobenzaldehyde was added. The flask was cooled and saturated with ammonia gas. 
After standing for twenty-four hours the contents had changed to an almost solid viscous 
substance which, when treated with a few drops of ether and stirred, changed to fine 
yellowish crystals. The crystals were washed six times with small portions of alcohol 
which left 23 g. (82%) of pure white crystals melting at  109 O. 

Anal. Calcd. for CzrHl1C120N: C, 70.94; H, 4.19; C1, 17.47; N, 3.45. Found. 
C, 70.53; H,4.25; C1, 17.30; N, 3.34. 

The amine hydrochloride was prepared by steam distilling 15 g. of the condensation 
product suspended in 20 cc. of 6 N hydrochloric acid; 11.5 g. (96%) of the m-chloro- 
phenyl-6-naphtholaminomethane hydrochloride was obtained from the acid solution; 
decomposition temperature, 220 to 230 ". 

Anal. Calcd. for Cl7HlsONCls: C1,22.17. Found: C1,22.40. 
To prepare the free racemic amine 10 g. of the amine hydrochloride was treated in an 

ice mixture with a 25% solution of potassium hydroxide. From 3 to 5 cc. of ether was 
added and stirred until the amine formed a flocculent precipitate which was imme- 
diately filtered and washed free from alkali with water; yield 7 g. (77%) of m-chloro- 
p-naphtholaminomethane melting a t  124125'. 

Anal. Calcd. for ClrHlrONCl: C, 71.94; H, 4.94; C1, 12.51; N, 4.94. Pound: 
C ,  72.12; H, 4.85; C1, 12.68; N, 5.23. 

o-Chlorophenyl-6-naphth01aminomethane.-The condensation product was pre- 
pared as described for the meta compound; m. p. 165-167'. After recrystallizing the 
material once from chloroform and once from benzene it melted rather sharply a t  173 
(uncorr.). 

Anal. Calcd. for C2aH17C1z0N: C, 70.94; H, 4.19; C1, 17.47. Found: C, 70.87; 
H, 4.42; C1, 17.69. 

o-Chlorophenyl-6-naphtholaminomethane hydrochloride was prepared by steam 
distilling 30 g. of the original condensation product with hydrochloric acid as described 
for the m-chloro derivative; 21 g. (88%) of the amine hydrochloride was obtained; 
decomp. temp. 185 to 190'. Analysis was made from a sample recrystallized twice 
from hydrochloric acid solution. 

Anal. Calcd. for C17HlsONCl~: C, 63.77; H, 4.69; C1,22.17. Found: C, 63.93; 
H, 4.79; C1, 21.79. 

The free amine was prepared as described for the meta derivative. Five and five- 
tenths g. (62%) of a cream colored amine was obtained, m. p. 129-130°. After recrys- 
tallization twice from ether and once from acetone it was almost pure white and melted 
a t  133-134". 

Anal. Calcd. for ClrHlaONC1: C, 71.97; H, 4.94; C1, 12.51. Found: C, 72.24; 
H, 5.22; C1, 1Q.76. 

p-Chlorophenyl-p-naphtho1aminomethane.-The condensation product was pre- 
pared as described for the meta compound; m. p. 150". 

Anal. Calcd. for &4H17C120N: C, 70.94; H. 4.19; C1, 17.47. Found: C. 71.64; 
H, 4.27; C1, 17.33. 

Six grams of the condensation product was subjected to steam distillation in a sus- 
pension of hydrochloric acid; 4.3 g. (91%) of the whitish flaky amine hydrochloride was 
obtained; decomp. temp. 190 to 195'. 

Anal. Calcd. for CI7HI6Cl2ON: C1, 22.17. Found: C1,22+40. 
The free p-chloro amine was prepared from the hydrochloride as previously de- 

scribed. The ether extract yielded 2.5 g. (80%) of the white crystalline amine, m. p. 
120". 

Anal. Calcd. for CI~H,~CION: C1.12.51. Found: C1,12.94. 



Resolution of the Racemic Arnines 
The m-chlorophenyl-@-naphtholaminomethane was resolved into its optically active 

antipodes by treating 5.3 g. (1 mol) of the amine in 130 cc. 95% alcohol with 2.5 g. (1 
mol) of I-malic acid; 2.7 g. of the salt was obtained. The liquid was further evaporated 
by an air current and agitated until crystals began to separate which yielded 2.8 g. of 
the more soluble salt. The salt obtained in the first fraction was hydrolyzed and about 
2 g. of the d-amine was filtered and washed free of alkali with distilled water; m. p. not 
sharp a t  126'. 

In  a 1-dm. tube 0.0667 g. of the dry amine in 10 cc. of ethyl ether gave an +0.53'. 
aZ,6 +79.5O. 

The 1-arnine was obtained by hydrolyzing the second fraction to yield 2.1 g. of the 
I-amine; m. p. 122'. This material gave a rotation of -0.37' with 0.0667 g. of the 
amine dissolved in 10 cc. of ether at  room temperature, using a 1-dm. tube, [a]: -55.5'. 

The last crystalline salt fraction from the above yielded the l-amine on hydrolysis 
with the same specific rotation as that obtained from the salt of the second fraction. 
An attempt was made to increase the specific rotation of the l-amine above -55.5', 
tirst by recrystallizing the salt before hydrolysis, and finally by use of Ingersoll's method,' 
but a more complete resolution was never effected. 

Resolution of the o-chlorophenyl-8-naphtholaminomethane was carried out as de- 
scribed for the meta compound. Hydrolysis of the salt obtained in the first fraction 
was accomplished as described above. The optical rotation of the ether solution taken 
in a 1-dm. tube was +0.65', and 10 cc. of the solution contained 0.0722 g. of the amine, 
a? + 89.8'. 

Hydrolysis and extraction of the 0.67 g. of salt from the second fraction was ac- 
complished as described previously: 0.1207 g. in 10 cc. of ether in a 1-dm. tube gave 
% -1.0l0, [aI2D5 -83.7'. 

Attempts to recrystallize the Lacid-1-base only resulted in a less active amine. 

Summary 

1. The Betti condensation of aromatic aldehydes, ammonia and 8- 
naphthol has been applied to the mono-chlorobenzaldehydes. 

2. Of the three resulting amines the ortho and meta compounds have 
been resolved into their active forms. 

3. The nitrobenzaldehydes gave chiefly the corresponding hydro- 
benzamides. 

4. Due to the instability of the chlorophenyl-8-naphtholarnines and 
the difficulty encountered in their resolution, these bases are less useful as 
resolving agents than the unsubstituted amine. 
CINCINNATI, OHIO RECEIVED AUGUST 3, 1932 

PUBLISHED FEBRUARY 9,1933 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OF ILLINOIS] 

Quaternary Ammonium Salts from Halogenated Alkyl 
Dimethylamines. 11. The Polymerization of 

Gamma-Nalogenopropyldimethylamines 

Amines of the type Br(CH2),N(CH3)2 have been found to react intra- 
molecularly to produce cyclic quaternary ammonium salts in those cases 
where n has the value 4, 5 and 6.: Previously, Knoor and Roth2 had 
studied the product formed when 7-chloropropyldimethylamine (I) was 
allowed to polymerize in aqueous solution and had assigned an eight- 
membered ring structure (11) to the quaternary ammonium salt thus 
obtained. 

I I1 

In support of this structure they showed that alkaline decomposition of the 
quaternary ammonium salt gave allyldimethylamine, tetramethyltrimethyl- 
enediamine and an oxygen containing compound believed to be isoallyl 
ether (CH2=C(CH3))20 formed by the hydration of allene CH2=C=CH2 
which was expected as a primary decomposition product in the reaction. 

I t  was also reported in the earlier work that when the chloro amine 
reacts with itself in water solution, the alkalinity of the solution diminishes 
but never completely disappears. I t  has now been found that the product 
resulting from this polymerization reaction is definitely basic and, more- 
over, contains some chlorine that is not ionic. These two facts cannot be 
explained by the cyclic formula (11) suggested by Knoor and Roth. 

An alternative formula (111), which in view of the recent work of Ca- 
rothers3 on other bifunctional reactions seems to be more logical than the 
cyclic structure, does satisfactorily account for these reactions of the qua- 
ternary ammonium salt as well as for the alkaline decomposition products 
obtained by Knoor and Roth. 

I11 

A long chain molecule of the type indicated in formula I11 would still 
contain one chlorine atom which was of the alkyl halide type and one 
tertiary amine gronp which would make the molecule basic. From the 
ratio of the non-ionic chlorine to ionic chlorine in the product it has been 

Littmann and Marvel, THIS JOURNAL, 52,287 (1930). 
Knoor and Roth, Ber., 39,1425 (1906). 
See Carothers [Chem. Rev., 8,353 (1931) ] for a review of this field. 



possible to estimate a mean molecular weight for the polymer. The mean 
value for n in the above formula falls between 12 and 13 and the approxi- 
mate molecular weight is 1500. An attempt to check this value by titra- 
tion of the amine group gave a value of about 4000 for the molecular weight. 

Some experiments on the polymerization of 7-bromopropyldimethyl- 
amine have given further evidence that linear polymerization is a charac- 
teristic reaction of the halogenopropyldimethylamines. A sample of the 
brorno arnine of the correct bromine content gave a polymeric salt with less 
bromine in the molecule than was present in the amine. The product was 
always slightly basic and contained some non-ionic bromine. The low 
total bromine content suggested that during polymerization a side reaction 
was taking place which involved the loss of hydrogen bromide and the 
formation of an olefinic linkage. This surmise was corroborated by the 
fact thzt 2..n aqueous solutioo of the polymer decolorized bromine water and 
potassium permanganate solution. A sample of the polymer was treated 
with silver nitrate in water solution and the resulting nitrate still contained 
a small amount of bromine. When this nitrate was treated with bromine 
evidence for the addition of bromine to the molecule was obtained. 

The properties of this polymeric product are best explained by assuming 
it to be a mixture of the two types of compounds shown in formulas IV and 
V. Since the product obtained is a mixture no molecular weight could be 
calculated from the analytical data. 

Experimental 
7-Phenoxypropyldimethy1amine.-This amine was prepared by the general proce- 

dure of Knoor and R ~ t h . ~  To a solution of 63 g. of dimethylamine in absolute alcohol 
was added 75 g. of phenoxypropyl bromide. The mixture was allowed to stand over- 
night, and then warmed on the steam-bath under a reflux condenser for about a half 
hour. The excess dimethylamine and the alcohol were distilled from a steam-bath, 
the residue in the flask was treated with an excess of 25y0 aqueous sodium hydroxide 
solution and the amine was collected in ether. On distillation 51 g. (81.5% of the theo- 
retical amount) of a product boiling a t  130-132 O (20 mm.) was obtained. 

The chloroplatinate was prepared by dissolving a sample of the amine in dilute 
hydrochloric acid and adding a slight excess of chloroplatinic acid. The derivative was 
crystallized from dilute alcohol and then melted a t  147". 

Anal. Subs., 0.1693: Pt, 0.0430. Calcd. for (CIIHITON)Z.H~P~CI~: Pt, 25.42. 
Found: Pt, 25.40. 

When a large excess of dimethylamine was not used, a considerable amount of a 
product which seemed to be diphenoxypropyldimethylammonium bromide was formed. 
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y-Chloropropyldimethy1amine.-The method of Knoor and Roth2 was used for this 
preparation. The yield was 4.5 g. of chloro amine from 12.5 g. of the phenoxy compound. 
The product boiled a t  124-126". A picrate melting at  105' was prepared. The melt- 
ing point reported before was 110°.4 

r-Bromopropyldimethylamine.-A solution of 20 g. of y-phenoxypropyldiniethyl- 
amine in 140 cc. of concentrated hydrobromic acid was distilled in an all-glass apparatus 
until the temperature of the vapors reached 123-125'. A second portion of about 100 
cc. of hydrobromic acid was added and the distillation repeated. If necessary a third 
and even a fourth portion of hydrobromic acid was used and distillation was continued 
until no more phenol distilled with the water, thus showing that the cleavage of the ether 
was complete. The residue in the flask was evaporated to dryness under reduced pres- 
sure and the bromo amine hydrobromide was dissolved in about 30 cc. of water. This 
solution was cooled and treated with an excess of cold 28% aqueous sodium hydroxide 
colution. The bromo amine was collected in ether and separated. The ether was re- 
lrloved by evaporation under reduced pressure and the bromo amine was then distilled 
t s  rapidly as possible. I t  boiled at  51 (15 mm.); 34-35' (6 mm.) Some polymeriza- 
ti011 occurred during distillation but the yield of distilled amine was 14 g. (75% of the 
theoretical amount) ; dgO 1.2312 ; nZj 1.4602. 

A r ~ d l .  Subs., 0.3496: 20.51 cc. of 0 1028 N AgN03. Calcd. for ~ ~ H I ~ N B ~ :  Hr, 
48.18. Found: Br, 48.20. 

A sample of the hydrobromide was purified from absolute alcohol and analyzed. 

Anal. Subs., 0.4925: 38.47 cc. of 0.1028 N AgNOa. Calcd. for CbHlzNBr2: Br, 
64.72. Found: Br, 64.32. 

The chloroplatinate of the arnine decomposed slowly at 125-130 ". 
Anal. Subs., 0.0557: Pt, 0.0144. Calcd. for [C6HlzNBr]z.HzPtCla: Pt, 26.13. 

Found: Pt, 25.85 

Polymer of y-Chloropropy1dimethylamine.-Knoor and Roth2 prepared the quater- 
nary ammonium salt by allowing an aqueous solution of the chloro amine to stand for 
some time. The same compound was obtained by heating the liquid amine on the steam 
cone for about thirty-six hours. The solid which formed was washed with ether to re- 
move a little unchanged amine and then purified by dissolving in anhydrous methyl 
alcohol and precipitating with ethyl acetate. The yield of quaternary ammonium salt 
from 1.5 g. of amine was 0.7 g. This compound melted with decomposition a t  242-243 ". 
The chloroaurate melted a t  247-250" (Maquenne block) and the chloroplatinate a t  275- 
280° (Maquenne block). The salts melted much lower if slowly heated in an oil-bath. 
Knoor and Roth have reported these salts as melting at  247-248' and 275-276", re- 
spectively. The quaternary ammonium salt was amorphous. Its aqueous solution was 
alkaline toward methyl orange. 

Anal. (Parr bomb) Subs., 0.1732: 78.19 cc. of 0.01826 N AgN03. Calcd. for 
(ChH12NCl)z: C1, 29.22. Found: C1, 29.23. (Volhard) Subs., 0.1930: 81.72 cc. of 
0.01826 N AgN03. Found: ionic C1, 26.89. 

From the ratio of non-ionic chlorine to total chlorine 2.39/26.89 it can be seen that  
the molecular weight of the polymer must he twelve to thirteen times the molecular 
weight of the simple substance or approximately 1500. Titration with standard acid 
gave a higher value. 

Titration. Subs., 0.3321: 4.4 cc. of 0.0175 N HC1. Molecular weight: 4309. 
Polymerization of y-Bromopropy1dimethylamine.-The bromo amine was poly- 

merized by heating the pure liquid a t  steam-bath temperatures; by allowing the liquid 
to stand a t  room temperature; by allowing the solution in ethyl alcohol to stand a t  room 
temperature and at  0 to - 10 "; and by allowing the solution in anhydrous ether to stand 
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a t  room temperature. 
conditions did not vary 
very hygroscopic solid 

The polymeric material which was formed under these various 
greatly in physical properties. It was a white, non-crystalline, 
which melted a t  temperatures varying from 225 t o  240' with 

some decomposition. The water solution was distinctly basic to  methyl orange but  ti- 
tration with standard acid gave unsatisfactory results. Samples were purified for analy- 
sis b y  dissolving the crude material in goy0 methyl alcohol and precipitating the polymer 
with ethyl acetate. Very little product was lost. The samples were dried over phos- 
phorus pentoxide in an Abderhalden dryer under reduced pressure a t  76'. The proper- 
ties of typical polymers are listed in Table I. 

Yield of Br calcd. Total Ionic 
A ~ r ~ i n r ,  polymer, M. p., for Br Br 
z. Conditions of reaction R. OC. ( C ~ H I ~ N B ~ ) ,  found, % found, % 
10 Liquid on steam-bath 9 225-240 48.18 45.71 45.11 
10 Liquid on steam-bath 9 225-240 48.18 47.17 46.40 
10 Liquid on steam-bath 9 225-240 48.18 46.34 44.44 
10 Liquid a t  room temp. (approx. 

25 ") 9.5  225-240 48.18 46.84 46.07 
5 Soln. in 95% alcohol a t  32' 3 235-245 48.18 47.37 46.60 

10 Soln. in 95% alc. a t  - 10 to 0 6 230-245 48.18 48.00 46.80 
10 Soln. in dry ether a t  room temp. 

(approx. 25 O) 6 225-240 48.18 46.68 44.00 

A I-g. sample of the polymer was heated with a n  aqueous solution of trimethylamine 
a t  100" in a sealed tube to  see if the non-ionic bromine could be converted to  ionic bro- 
mine. No significant change in ionic bromine could be detected. 

A solution of the polymer in water decolorized potassium permanganate solution 
and  also bromine water. 

A solution of 2.64 g. of polymer (total Br, 47.37%; ionic Br, 46.6%) in water was 
made barely acid with nitric acid. A slight excess of aqueous silver nitrate was added 
and  the silver bromide was filtered from the solution. The filtrate was treated with 
hydrogen sulfide and the silver sulfide was filtered. The filtrate was evaporated to  dry- 
ness in a desiccator and dried in vacuum over phosphorus pentoxide. The nitrate thus 
obtained weighed 0.6 g. It was a resinous solid which decomposed a t  about 125" I t  
contained bromine as indicated by the following analysis. 

Anal. Subs., 0.1687, 0.2422: 0 60, 1.75 cc. of 0.0213 N AgN03 Found: Rr, 0 77, 
1.05. 

A solution of 7.88 g. of the polymer (total Br, 46.65; ionic Br, 45.85) was treated 
with silver nitrate and the nitrate obtained as described above. The nitrate in water 
solution was treated with bromine water until a slight excess of bromine remained in 
solution. This solution was evaporated t o  dryness and the residue analyzed. 

Anal. Subs., 0.2595: 0.91 cc. of 0.1028 N AgNO,. Found: Br, 2.95. 
This increase of bromine in the nitrate polymer after treatment with bromine water 

indicates that  some bromine had added t o  a n  olefinic linkage in the polymer 

Summary 
1. 7-Chloropropyldimethylamine has been found to react intermo- 

lecularly to give a quaternary ammonium salt which contains non-ionic 
chlorine and which is slightly basic. These facts are not in harmony with 
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the cyclic structure previously assigned to the quaternary ammonium salt 
but are satisfactorily explained on the basis of an open chain polymeric 
structure. 

2. r-Bromopropyldimethylamine has been found to give a similar 
polymer but a side reaction involving loss of hydrogen bromide occurs 
along with the simple polymerization reaction. 

URBANA, ILLINOIS RECEIVED AUGUST 4, 1932 
PURLISHED FEBRUARY 9, 1933 

Carbon Suboxide 

The most satisfactory method for the synthesis of carbon suboxide is the 
pyrolysis of diacetyltartaric anhydride, details for which have been given 
by Ott and Schmidt.I Yields of 41% (32 g. of the suboxide from an original 
250 g.) were obtained when the vapors of the anhydride were distilled a t  
11 mm. over a hot platinum filament. The specially designed apparatus, 
which calls for difficult glass blowing, is, however, objectionable. In  the 
present work it was found that even better yields could be realized with 
simple apparatus and at  ordinary pressure. 

Carbon suboxide was found to react readily with hydroxylamine, giving 
malonhydroxamic acid: O=C=C=C=O + 2NHzOH -+ CHz(C0NH- 
0H)z. This is analogous to the synthesis of acethydroxamic acid from 
ketene2 and hydroxylamine. In a similar way, p-phenylhydroxylamine 
reacted with carbon suboxide to produce N,N1-diphenylmalonhydroxamic 
acid, CHZ(CON(C~HE,)OH)~. No products were isolated wherein carbon sub- 
oxide and the hydroxylamine added to each other except in the ratio of 1:2. 

Experimental Part 
A Pyrex combustion tube (1 cm. inside diam.) was constricted a t  one end and sealed 

to the side arm of a 50-cc. Pyrex distilling flask3 which carried a dropping funnel in the 
stopper. Previously the tip of the funnel had been drawn out to a capillary. The  tube 
was then placed within an electric furnace (36 cm. long, but longer furnaces have also 
been employed satisfactorily). The tube was closed with a one-holed stopper into which 
fitted a bent tube leading downward into a flask. A two-holed stopper closed this flask. 
A vertical, water-cooled condenser was fitted into the other hole. From the top of the 
condenser, the gases were delivered into a receiver which was cooled to -78O by solid 
carbon dioxide and acetone. Any gases which were still uncondensed were passed 
through an aniline trap. The exhaust gases, which contained much carbon monoxide, 
were conducted into a hood or outdoors. 

Fifty grams of diacetyltartaric anhydride, which was readily made by the method of 
-- 

I Ott and Schmidt, Ber , 55,2126 (1922); Ott, ibid., 47, 2391 (1914). 
Hurd and Cochran, THIS JOURNAL, 45,515 (1923). 
A larger flask could, of course, be used if desired. 



Wohl and Oesterlin,' was placed in the distilling flask, melting the crystals within the 
flask whenever necessary. The empty reaction tube was then heated to a temperature 
of 625-650' and a salt-bath (or oil-bath) a t  150 O was placed around the distilling flask. 
Mercury was put in the dropping funnel and dropped a t  a constant rate into the molten 
anhydride. In this manner the latter was forced through the hot tube a t  a constant rate 
during two and a half hours. This gave a contact time in the hot zone of about fourteen 
seconds. 

The liquid which was condensed by the water condenser weighed 33 g. By distilla- 
tion these fractions were obtained: to 115O, 3.0 g. ; 118-125" (acetic acid), 18.2 g. ; 
125-130°, 6.4 g.; residue, 5.4 g. No diacetyltartaric anhydride was recoverable from 
the residue. 

The carbon suboxide6 which was condensed in the -78' trap weighed 5.5-7.0 g. 
Another 0.8 g. was indicated since 2.5 g. of malonanilide was obtained from the aniline 
trap. This yield of 6.3-7.8 g. represents a yield of 35-49%. On redistillation shortly 
after its preparation, most of the product came over a t  6-7'. A trace of hydroquinone, 
added to this distillate, was effective in retarding polymerization. 

I t  was found advisable to remove the carbon deposit in the combustion tube fairly 
often, although not necessarily after each 50-g. run. 

Carbon Suboxide and Hydro~y1amine.~--One and a half cubic centimeters of liquid 
carbon suboxide was added dropwise to 1.8 g. of hydr~xylamine,~ the tube for which was 
kept in a bath at -15'. Each drop of the ketene caused a vigorous reaction. The 
product formed had the appearance of a yellow wax. With ferric chloride solution it 
gave an intense purple coloration, typical of hydroxamic acids. The solid was left in a 
vacuum desiccator over sulfuric acid for two days to remove the excess of hydroxylamine, 
after which i t  crystallized readily from hot water; m. p. 154-155O with decomposition. 
This is knowns to be the melting point of malonhydroxamic acid, CH:(CONHOH)2. 
The yield was 1-1.5 g. 

About 0.05 g. of the hydroxamic acid was dissolved in water and 2-3 drops of ammo- 
nium hydroxide added. After a short time, a copious precipitate of the characteristic 
acid ammonium salt separated. I t  melted with decomposition a t  140 O. 

Carbon Suboxide and 8-Phenylhydroxylamine 

Fist.-A cold solution (0') of 1.07 g. (0.01 mole) of 8-phenylhydroxylamine in 5 
cc. of ethyl acetate was added slowly to a cold solution of 0.7 cc. of carbon suboxide 
(0.01 mole) in 5 cc. of ethyl acetate. Crystals separated in about five minutes but the 
solution was left for an hour before filtering. The yield was about 1.2 g.; m. p. 128'. 

Second.-This'was like the k s t  except that 2.14 g. (0.02 mole) of p-phenylhydroxyl- 
amine was taken with the 0.7 cc. of carbon suboxide. Crystals formed as before. 
Melting point, mixed melting point and analytical data showed that the products formed 
in the two cases were identical, namely, N,N'-diphenylmalonhydroxamic acid, CH2- 
(CON(CsH6)OH)s. 

Anal. Subs. 0.1997 (from first), 0.1939 (from second); COz, 0.4580, 0.4449; H1O, 
0.0820, 0.0803. Calcd. for ClsH1404Nn: C. 63.0; H, 4.9. Found: C, 62.7, 62.6; H, 
4.6, 4.6. 
- 

Wohl and Oesterlin, Ber., 34, 1144 (1901). 
This preparation has been confirmed several times in this Laboratory by Dr. R. 

K. Summerbell and Mr. G.  W. Klingaman. 
0 Some preliminary work on this problem was performed by Mr. Fred W. Sackett 

in 1922. 
Prepared by the method of Hurd and Brownstein, THIS JOURNAL, 47,67 (1926). 

8 Hantzsch, Schatzmann and Urbahn, Ber., 27,799,803 (1894). 
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Summary 
A simplified method is described for the synthesis of carbon suboxide 

from diacetyltartaric anhydride. Carbon suboxide reacts with hydroxyl- 
amine and with /3-phenylhydroxylamine giving, respectively, rnalon- 
hydroxamic acid and N,Nr-diphenylmalonhydroxamie acid. 

EVANSTON, ILLINOIS RECEIVED AUGUST 5,1932 
PUBLISHED FEBRUARY 9, 1933 

Tephrosin. 111. Some Acidic Derivatives of Tephrosin 

Evidence has been presented1 to show that tephrosin may be represented 
by formula I or the isomeric form in which the hydroxyl group is on carbon 
atom 8. 

I .  Tephrosin, CzaHazOt 

An isomeric form of tephrosin has also been de~cribed,~ and facts have 
been recorded indicating that the difference between the isomers must be 
sought in the orientation of the hydrogen and hydroxyl groups on carbon 
atoms 7 and 8. 

In this connection a hitherto unrecorded observation, which if anything 
confuses rather than clarifies the problem, should be presented. 

In the first paper of this series,3 tephrosindicarboxylic acid, m. p. 220°, 
was described. It was prepared by permanganate oxidation of tephrosin 
and was separated from the manganese dioxide as the potassium salt with 
the aid of boiling absolute alcohol. When the manganese dioxide remain- 
ing after the treatment with alcohol was again extracted with hot water, 
an isomeric tephrosindicarboxylic acid was obtained as the potassium salt. 
The free acid was obtained crystalline by acidifying the solution with a 
mineral acid. 

When freshly crystallized and air dried the new acid melted a t  127-128' 
and contained three mols of water of crystallization. Upon exposure to 
air for some time the melting point usually became 140-14Z0, but when it 

(1) Clark, Tms JOURNAL, 54, 3000 (1932). 
(2) Clark and Claborn, ibid. ,  54, 4454 (1932) 
(3) Clark, ibid., 53, 729 (1931). 



was dried in a vacuum or in an oven at  90' the acid became anhydrous and 
melted a t  175-177°. 

The new acid was thus shown to be distinctly different from the first 
tephrosindicarboxylic acid whose melting point was 220' and which 
crystallized anhydrous. The reactions of the new substance, however, 
were the same as those of the tephrosindicarboxylic acid previously de- 
scribed. For example, boiling a diphenyl ether solution of either acid for 
a short time gave the same tephrosinmonocarboxylic acid, the formula of 
which was suggested in a previous communication.' Also esterification of 
either acid gave the same half ester of an anhydro derivative of tephrosin- 
dicarboxylic acid. These observations indicate that whenever the hydrogen 
and hydroxyl groups on carbon atoms 7 and 8 are removed as water with the 
coincident formation of a dehydro derivative, the products are identical. 

Isotephrosin also yields a dicarboxylic arid Isomeric with the two acids 
from tephrosin, and all evidence concerning the three materials indicates 
that the structural difference between them exists in the orientation of the 
hydrogen and hydroxyl groups on carbon atoms 7 and 8. 

Because experimental data are lacking and the possibility of securing 
information relative to the configurations under discussion is small, it 
seems unjustifiable to do more than to record the facts as presented. 

Reference should be made, however, to some derivatives of the materials 
here considered. I t  was stated before that both tephrosindicarboxylic 
acids yield the same half ester of an anhydro derivative of tephrosindi- 
carboxylic acid. This ester, which from analogy should be called a half 
ester of dehydrodeguelindicarboxylic acid, is undoubtedly represented by 11. 

I1 

The fact that only one carboxyl group is esterified is in harmony with the 
structure presented, as the carboxyl group on carbon atom 5 is diortho 
substituted and is therefore resistant to esterification. 

Alkaline alcoholic hydrolysis caused the typical splitting of the molecule 
a t  the double bond as well as the removal of the ester group and yielded a 
tricarboxylic acid which from analogy may be represented by 111. cH300~cH2-c~~ CH3 

CHsO 0-A-COOH \O--CH, 
I COOH b, 

COOH 
111 
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This acid melted at 178-179' and gave a brownish-red color reaction 
with ferric chloride. 

In the last communication upon deguelinl reference was made to teph- 
rosic acid. At that time there was not sufficient material to complete the 
study of the compound. T'nis, however, has since been done, and i t  has 
been found that tephrosinmonocarboxylic acid readily undergoes alkaline 
alcoholic hydrolysis yielding tephrosic acid, but in the process the carboxyl 
group on carbon atom 5 is removed so that tephrosic acid is undo~btedly 
represented by IV. 

I 
COOH 

IV. Tephrosic acid, C18H1808 

Experimental 
Tephrosindicarboxylic Acid (m. p. 127-12S0).-Tephrosin (5 g.) was oxidized with 

potassium permanganate as outlined in the first communication of this series1 After 
the manganese dioxide was thoroughly extracted with boiling absolute alcohol, i t  was 
digested with about 500 cc. of boiling water. The manganese dioxide was removed by 
filtration, and the filtrate was concentrated under reduced pressure to approximately 
100 cc. The liquid was then heated to boiling, acidified with sulfuric acid and allowed 
to crystallize. One and seven-tenths grams of crude acid was usually obtained. This 
material was always somewhat contaminated with a dark tarry substance. It was 
found, however, that this could be readily removed by dissolving the crude acid in a slight 
excess of alkali and boiling the solution with a small quantity of hydrogen peroxide until 
the color of the solution cleared. The hot liquid (approximately 100 cc.) was then 
acidified to Congo red with dilute sulfuric acid and allowed to crystallize. The acid 
separated as cauliflower-like groups of colorless crystals which melted a t  127-128'. 
When these crystals were exposed to the air for some days the melting point was usually 
found to he 140-142'. Upon drying the acid in a vacuum or in an oven a t  90° the ma- 
terial became anhydrous and at  the same time acquired a light green color. It then 
melted with decomposition at  175-177". I t  was optically inactive. 

Anal. Calcd. for CzaHzzOI1.3Hz0: mol. wt., 528.3; C, 52.26; H, 5.34; OCH, ( 2 ) ,  
11.75. Found: mol. wt. (titration), 529; C, 52.15; H, 5.45; OCHa, 11.7. For the 
anhydrous material. Calcd.: OCHa, 13.1. Found: OCHs, 13.0. 

Tephrosinmonocarboxylic Acid from Tephrosindicarboxylic Acid (m. p. 127-128 O).- 

This material was obtained from the 127-128' melting acid in exactly the same manner 
as previously recorded for the acid which melts at  22O0.] The yields were essentially 
the same, and the preparation was shown by melting point, mixed melting point, and the 
ferric chloride test to be tephrosinmonocarboxylic acid. 

Esterification of the Tephrosindicarboxylic Acid (m. p. 127-12S0).-One gram of 
the dicarhoxylic acid was refluxed for one hour with 25 cc. of a 5% absolute methyl 
alcoholic solution of hydrochloric acid. Almost a t  the beginning of the reaction the 
solution acquired a yellow color (deh~dro formation), and after a short time a consider- 
able quantity of yellow crystals separated. At the end of the time specified the liquid 
was cooled, and the crystalline material was removed by filtration. It was then re- 
crystallized from hot 75% methyl alcohol. Thus obtained it consisted of thin yellow 



needles, which, as they were heated, became intensely yellow a t  approximately 150' 
and then melted a t  220-221 '. 

Anal. Calcd. for GrHa2010: mol. wt., 470.3; C, 61.26; I-I, 4.72; OCHs (3). 19.8. 
ITound: mol. wt. (titration), 499; C, 61.20; H, 4.93; OCHI, 19.7. 

The same product, identified by melting point and mixed melting point, was ob- 
tained by applying the above-described procedure to tephrosindicarboxylic acid (m. p. 
220 O) . 

Hydrolysis of the Compound Described Above.-Two hundred and thirty mg. of 
the half ester described above was boiled for thirty minutes with 5 cc. of 10% alcoholic 
~otassium hydroxide solution. The liquid was then diluted with water and acidified 
with sulfuric acid. The tricarboxylic acid (formula 111) separated as long colorless 
rods. The yield was 195 mg. The melting point of the air-dried substance was 90- 
95". However, the material contained solvent of crystallization and gradually ef- 
floresced. The thoroughly dried compound melted a t  178-179 '. I t  gave a brownish- 
red color reaction with ferric chloride. 

Anrrl. Calcd. for C&HO;~: C ,  55 96; H, 4.91; OCHa (2), 12.5. Found: C, 55.77; 
H, 5.31; OCHa, 12.5. 

Tephrosic Acid.-Tephrosic acid was prepared according to the directions previously 
recorded. Nine-tenths gram of tephrosinrnonocarboxylic acid yielded 0.66 g of crude 
tephrosic acid. I t  was recrystallized by acidifying a boiling, slightly alkaline solution of 
the potassium salt with dilute sulfuric acid. Its melting point was 196-197 O. 

Anal. Calcd. for CleHlaOs: mol. wt.. 362.2; C, 59.66; H, 5.01; OCHs (2). 17.1. 
Found: mol. wt. (titration), 353; C, 59.36; H, 5.23; OCH8, 17.0. 

Summary 

Permanganate oxidation of tephrosin yields two isomeric dicarboxylic 
acids whose structural differences consist in the orientation of the hydrogen 
and hydroxyl groups on,carbon atoms 7 and 8 (formula I in the text). 

Several other acidic derivatives of tephrosin are described, and their 
relation to the structure of tephrosin is discussed. 
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Phototropic and Thermotropic Anils from 5-Bromo- 
salicylaldehyde 

BY C. M. BREWSTER AND L. H. MILLAM 

This article is a record of further investigation of anils with a view to 
increasing the number of compounds exhibiting phototropy and thermo- 
tropy, Wi le  over three hundred anils have been examined and the ma- 
jority found to be thermotropic, only twenty-two are reported to  be photo- 
tropic.' The condensation products of aldehydes and primary amines 
called anils have the general formula R-CH=N-R'. Fifteen of the 
anils previously reported to be phototropic are derivatives of salicylalde- 
hyde. We have found three new phototropic anils, one a derivative of 
salicylaldehyde and two of 5-bromosalicylaldehyde. The introduction 
of the negative bromine atom in salicylaldehyde inhibited to some extent 
the tendency toward forming phototropic anils, and when two bromine 
atoms were introduced the resulting anils no longer exhibited phototropy. 

In the following table, the plus sign indicates that the anil is phototropic; 
it is followed by reference number to the literature. The zero indicates 
that the anil has been examined but is not phototropic. Where a reference 
number appears a t  the h a d  of a column only, this applies to  the other 
compounds in the column. 

It is apparent that anils of aldehydes having the hydroxyl group para to 
the aldehyde group may be phototropic, as well as those with the hydroxyl 
group in the ortho position, and we are studying further examples in this 
series. The anils from p-bromoaniline show phototropy, whether the 
hydroxyl group is ortho or para to the aldehyde group. Replacement of 
the ortho hydroxyl group by an ortho nitro group inhibits the phototropy. 
If the para bromine atom of the amine is replaced by chlorine, the resulting 
anil is not phototropic. 

There is a great variation in the time required for the reversible change 
due to light or dark. With 5-bromosalicylidene-a-naphthylamine there is 
a discernible darkening on exposure to sunlight for as short an interval as 
five minutes, and this fades to the original pale yellow color after the 
compound is kept in the dark for an hour. However, salicylidene-/3- 
naphthylamine requires an hour's exposure to sunlight to change from 
yellow to red, and the compound does not change back to the yellow color 
unless kept in the dark for some weeks. Prolonged exposure to actinic 
light, however, induces permanent polymorphic change in some of the a d s .  
No indication of phosphorescence or triboluminescence was observed. 

Of the twenty-eight new anils which we have prepared, twenty-two were 
(1) Excellent summaries of the work on phototropy may be found in articles by Stobbe. Chem 2.. 

44, 340 (1920); and by Chalkley, Chem. Rev., 6, 207 (1929). 



- Aldehydes 
2-Hydroxy- 3,s-Di- 

o-Nitro- 3-metboxy- bromo- 6-Bromo- 
Salicyl- benzyl- 4-Hydroxy- benzyl- salicyl- salicyl- 

Amines idene- idene- benzvlidene- idene- idene- Idene- 

Aniline +" 0" 0' od d 0' 
o-Bromoaniline +d 0 0 0 0 
m-Bromoaniline +d 0 0 0 
p-Bromoaniline +d 0 f 0 0 + 
o-Chloroaniline +* + 0 0 0 
m-Chloroaniline ob + 0 0 0 
p-Chloroaniline 0 0 0 0 0 
m-Toluidine +" 0 0 0 0 
o-Anisidine +d 0 f 0 0 
p-Anisidine s . ~  0 0 0 0 
1,3,4-Xylidine +b 0 0 0 
1,2,4-Xylidine 0" + + 0 0 
1,2,5-Xylidine 0" 0 0 + 0 
a-Naphthylamine On 0 0 0 + 
8-Naphthylamine +b 0 0 0 0 0 
m-Aminobenzoic acid +" 0 0 
p-Aminobenzoic acid + 0 0 0 
m-Phenylenediarnine f 0 0 
P-Aminoethylbenzoate 
o-Aminocinnamic acid +" 
C-Toluidine +' 0 0 0 0 0 

" Senier and Gallagher, J. Chem. Soc., 113, 28 (1918). ' Senier and Shepheard, 
ibid., 95,441 (1909). " Senier and Clarke, ibid., 105,1917 (1914). Senier, Shepheard 
and Clarke, ibid., 101, 1950 (1912). " Stobbe, Ber. Verhundl. sachs. Akad. Wiss. Leip- 
zig, 74, 161 (1922). ' Senier and Forster, J. Chem. Soc., 105,2462 (1914). " Gallagher, 
Bull. soc. chim., [4] 29, 683 (1921). ~rewster,  THIS JOURNAL, 46, 2463 (1924) 
' See experimental part of this article. 

found to be thermotropic, changing to a deeper color when heated to a 
temperature near the melting point. On cooling, the lighter color is 
restored, though this change usually takes place more slowly than that 
produced by heat. The restoration of the lighter color may also be 
brought about in some instances by recrystallization, or by dissolving in 
dilute alkali and reprecipitating with acids. 

Experimental Part 
5-Bromosalicy1aldehyde.-This compound has been prepared by direct action of 

bromine on ~alicylaldehyde,~ and also by brornination in glacial acetic acid.8 We 
found that by mixing solutions of bromine and of salicylaldehyde in carbon tetrachloride. 
and keeping the mixture a t  the temperature of the steam-bath for an hour, a purer prod- 
uct was obtained. The solution was diluted with three volumes of ligroin, and on cooling 
beautiful silky crystals separated. After recrystallization from the same solvents, the 
product melted at 105 corr. 

(2) Piria, Ann. ,  30, 171 (18391. 
(3) Auwers aild Burger. Ber., 37, 3934 (1904). 



Name of compound: 
R = 5-Bromosalicylidene- Formula 

R-o-aminophenol 
R-p-aminophenol 
R-amino-2 5-xylene 
R-amino-2'4-dimethylbenzene 
R-p-aminobenzoic acid 
R-m-nitraniline 
R-p-nitraniline 
R-anilined 
R-o-chloroaniline 

Solvent M. 9. Analyses, % 
Color and form for crvst. P Th  corr.. C. Calcd. Found 

Yellow needles Alcohol 0 86.5 Br, 27 55 Br, 27.56 
Golden plates AlcohoI 0 103 Br, 27.55 Br, 27.36 
Yellow plates Alcohol 0 + 163.5 Br,27.55 Br,27.76 
Pale yellow needles Alcohol + + 109.5 Br, 24.51 Br, 24.88 
Yellow needles Bz. t- lirroin 0 + 157 Br. 24.61 Br. 24.77 
Yellow-green needles Alcohol 0 + 156 Br, 25.00 Br, 24.82 
Orange needles Alcohol 0 + 110 Br,31.25 Br,31.08 
Yellow ~ l a t e s  Alcohol 0 + 156 Br, 31.25 Br. 31.32 
Yellow-brown scales Alc.. red. from 

nitrobz. 0 0 212 Br, 21.05 Br, 20.82 

Orange-red needles 
Golden-brown scales 
Orange plates 
Yellow plates 
Light orange needles 
Brilliant orange needles 
Orange-red rosets 
Light orange needles 
Orange plates 
Light orange needles 

Nitrobz. + alc. 
Alcohol 
Alcohol 
Alcohol 
Alcohol 
Alcohol 
Bz. + ligroin 
Bz. + ligroin 
Alcohol 
Alcohol 

Bt, 19.58 
Br, 27.36 
Br, 27.36 
Br, 26.25 
Br, 26.25 
Br. Br, 24.91 25.00 

Br, 24.91 

B_f, 25.76  

Br. 19.27 
Br, 27.39 
Br. 27.58 
Br, 26.04 
Br, 26.21 
Br 25.27 
BI: 24.70 
Br, 25.05 

L L ,  11.41 
Glistening yellow scales Alcohol 0 + 127.5 Br, 25.76 Br, 25.51 

Cl, 11.41 C1, 11.52 
Yellow needles Alcohol 0 + 158 Br, 25.76 Br, 25.18 

C1, 11.41 Cl, 11.51 
Dark orange needles Alcohol 0 0 78 Br, 45.04 Br, 44.85 
Lustrous yellow leaflets Bz. + ligro!n 178 Br, 45.04 Br, 44.92 
Orange needles Bz. + ligrotn $ 148 Br, 23.19 X, 43.51 

Cl. 20 58 - ., - - . - - 
Pale yellow needles Alcohol 0 + 139 Bf.23.rS X , 4 3 . 4 7  

Ll, Lu.aE5 
Bis-R-p phenylenediamine (HOC~H~B~CH=)PNPC~HI 1,ustrous yellow plates Nitrobz. + alc. 0 $ 277 Br, 33.75 Br, 33.58 
 is-R-m-toluylenediamine (HOCsHsBrCH=)zNeCeHsCHs Pale cream plates Nitrobz. + alc. 0 + 186 Br, 32.75 Br, 32.92 
Bis-R-dianisi$ne (HOCsHaBrCH=)n(NCsHaOCH~)z Brick-red needles Nitrobenzene 0 0 279 Br, 25 96 Br, 25.78 
Bis-R-o-tolidme (HOCaHaBrCH=)n(NCHzCsHa)a Orange needles Nitrobenzene 0 + 242 Br, 27.68 Br, 27.80 
Bis-R-benzidine (HOCsHaBrCH=(NCsH4)n Yellow scales Nitrobenzene 0 + 345 Br, 29.08 Br, 28 93 
R-phenylhydrazonee HOCsHaBrCH=NNHCsHs Pearly scales Alcohol 

Yellow needles Alcohol 
+ + 151 

Salicylidene-9-toluidine. . HOC~HICH=NCBH~CHZ -I- + 95 N, 6 63 N, 6 43 
Salicylidene-9-bromoantlfnd HOCtiHrCH=NCtiHaBr Light yellow needles Alcohol + + 110 Br, 28.95 Br, 29.06 

m " A  second form, glistening yellow plates, melting a t  165', was obtained when the materials were melted directly without a solvent. 
m 'A. Senier and P. Gallagher, J. Chem. Soc., 113,Z8 (1918). 'A. Senier and F. G. Shepheard, J. Chem. Soc., 95,1945 (1909). Haarmann, - Ber., 6,339 (1873). ' Auwers and Biirger, ibid., 37,3934 (1902). Senier, Shepheard and Clarke, J. Chew. Soc., 101, 1950 (1912) 



Anal. Calcd. for C,Hs02Br: Br, 39.77. Found: Br, 39.93. 
The anils studied in this investigation are described in Table 11. Of these, twenty- 

eight compounds have been prepared for the first time, as far as we have been able to 
ascertain. Most of the compounds are readily formed by heating alcoholic solutions of 
the aldehyde and base; others require prolonged heating in the solvent. A few were 
formed only on direct heating, without a solvent. The phototropic and thermotropic 
properties of each compound are indicated in the table. 

The anils formed from m-nitraniline, p-nitraniline, p-bromoaniline, 2,4-dichloro- 
aniline, and p-phenylenediamine with 5-bromosalicylaldehyde were obtained only on 
direct fusion without a solvent. The p-aminoazobenzene derivative of 5-bromosalicyl- 
aldehyde, first obtained from alcohol in the yellow-brown form, on recrystallization from 
nitrobenzene changes to the red modification. When the red modification is dissolved 
in acetone and precipitated by addition of alcohol, the yellow-brown modification is 
again obtained. 

Summary 
i . A series of twenty-eight new anils, derivatives of 5-bromosalicyl- 

aldehyde, has been prepared. 
2. Three new instances of pliototropy are reported. 
3. Twenty-two of the anils are thermotropic. 
4. A number of the compounds appear to exist in two forms. 
PULLMAN, WASHINGTON RECEIVED AUGUST 8, 193% 
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY OF THE UNIVERSITY OF ILLINOIS] 

Asymmetric Syntheses. 11. The Action of Optically Active 
Nitrates on Cyclic Ketones 

The condensation of 4-methylcyclohexanone with d- or I-2-octyl nitrite 
in the presence of sodium ethylate gave an optically active sodium salt of 
the 0xime.l This reaction constituted a new type of asymmetric synthesis 
since the optically active octyl group was split off during a reaction which 
created an asymmetric carbon atom in the molecule. A second example 
of this type of asymmetric synthesis has been found in the condensation of 
4-methylcyclohexanone and optically active alkyl nitrates. 

Previous investigators have shown that alkyl nitrates in the presence of 
potassium ethylate readily condense with f l~orene ,~  phenylacetic ester,3 
a-tetralone4 and cyclohe~anone.~ In each case the product was the potas- 
sium salt of a nitro compound. In the present investigation the potassium 
salt of a nitro compound was likewise produced in accordance with the re- 
action 

(1) Pezold and Shriner, THIS JOURNAI,, 64, 4707 (1932). 
(2) Wislicenus and Waldmtlller. Ber., 41, 3336 (1908). 
(3) Wislicenus and Griitzner, ib id . ,  42, 1930 (1909). 
(4) Straus and Ekhard, Ann., 444, 164 (1925). 
( 5 )  Wieland, Garbsch and Chavan, ib in. ,  461, 295 (1928). 
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When an alcohol-ether solution of d-2-octyl nitrate and 4-methylcyclo- 
hexanone was treated with potassium ethylate, the dextro potassium salt of 
ti-nitro-4-methylcyclohexanone (111) precipitated. Similarly the I-2-octyl 
nitrate yielded the levo potassium salt. That the activity was due to  these 
salts (111) was shown in the first place by the fact that the solid active salts 
could be isolated and analyzed. Second, it was shown by a control ex- 
periment that octanol-2 and potassium-2-octylate (the only other possible 
optically active products) remained in solution under the experimental 
conditions used. 

This asymmetric synthesis raises a question concerning the location of the 
optically active center of the molecule (111). The actual cause of the 
optical activity of these salts may be the fact that carbon atom 4 
(Formula 111) carrying the methyl group is now asymmetric, in which case 
this reaction of 4-methylcyclohexanone with active nitrates would be 
strictly analogous to the previously described reaction with active nitrites.' 
Or, these compounds may constitute a third example of optically active 
salts of secondary nitro compounds similar to the salts of d- and 1-2-nitro- 
butane6 and d- and I-2-nitro-octane.? The chief evidence in support of 
this last explanation is the fact that both the d and I salts racemized com- 
pletely in about one hour. I t  is difficult to explain this rapid racemization 
if the activity were due to carbon atom 4. If, however, the active salt pos- 
sesses the structure V, a tautomeric shift to either form VI or VII would 
readily lead to racemization. This tautomeric shift should not destroy 
the optical activity if it  is due to carbon atom 4, but should destroy any 
activity due to carbon atom 2. 

VI v VII 

By carrying out the same reaction on cyclohexanone and an active ni- 
trate it would be possible to decide definitely between the two possibilities. 

(6) Kuhn and Albrecht. Ber.. 60, 1297 (1927). 
(7) Shriner and Young, THIS JOURNAL, 61, 3332 (1930) 



768 11. I,. SHRINBR AND E. A. PARKER Vol. 55 

This condensation was carried out but the product was very difficult to 
isolate. I t  was produced in poor yields, proved to be very hygroscopic 
and correct analyses for nitrogen or potassium could not be obtained. It 
was, however, optically active and racemized in about one hour. A further 
study of its preparation and isolation in the pure state is being made. 

Experimental 
4-Methylcyc10hexanone.-This compound was prepared by the oxidation of 

4-methylcyclohexanol according to the method previously described,' b. p. 168-170 ". 
d- and 1-Octanol-2.-Octanol-2 was resolved by fractional crystallization of the 

brucine salts of the acid phthalic ester according to the procedure in "Organic Syn- 
 these^."^ The d-octanol-2 had a rotation of [a]Y +10.15and the I-octanol-2 a rotation 
of [a]: -10.30. 

d-2-Octyl Nitrate.- -A modificatio~i of the method of Chapman and Smith9 was de- 
veloped for the preparation of this ester in order to avoid the production of octanone-2 
noted by Bouveault and Wahl.lo A mixture of 19.5 cc. of concentrated nitric acid, 
58.5 cc. of concentrated sulfuric acid and 2 g. of urea was placed in a 400-cc. beaker and 
cooled to 0' with mechanical stirring. Seventeen and one-half grams of d-octanol-2 
([or] 2 + 10.15) was added from a separatory funnel through a fine capillary tube reach- 
ing to the bottom of the beaker. The temperature was maintained a t  0 to 10' with 
vigorous stirring in an ice-salt bath. The addition of the alcohol took thirty minutes 
and the mixture was stirred for fifteen minutes longer. The reaction mixture was 
poured on cracked ice and the colorless oil was separated immediately and washed three 
times with ice water. The product was dried over anhydrous magnesium sulfate and 
vacuum distilled a t  95-97' a t  20 mm. The yield of 15.3 g. was 64.9% of the theoretical. 
I ts  rotation was [a]? +14.59; n y  1.4301; 0.954; MD (calcd.), 47.69; MD (found), 
47.39. 

Anal. Calcd. for CaH17NO3: N, 8.00. Found: N, 7.97. 

Preparation of 1-2-Octyl Nitrate.-This isomer was obtained by the same procedure 
as above. Thirty cubic centimeters of concentrated nitric acid, 90 cc. of concentrated 
sulfuric acid, 3 g .  of urea and 27 g. of I-2-octanol  or^ - 10.30 ") gave 24.2 g. of I-2-octyl 
nitrate which was 66.5% of the theoretical; b. p. 93-94" a t  17 mm.; n q  1.4302; dig 
0.956; MD (calcd.), 47.69; MD (found), 47.30; or: - 14.64. 

Anal. Calcd. for CaHl7NOt: N. 8.00. Found: N, 8.11. 
Preparation of dl-2-Octyl Nitrate.-The racemic 2-octyl nitrate was obtained in the 

same manner from dl-octanol-2; b. p. 92.5-94.5O a t  18 mm.; n? 1.4299; 0.951; 
M, (calcd.), 47.69; MD (found), 47.51. Saponi$cation equivalent. Calcd. for CsH17- 
NOa, 175. Found: 175.5. 

Reaction between 4-Methylcyclohexanone and dl-2-Octyl Nitrate.-One gram of 
potassium was dissolved in 8 cc. of absolute ethyl alcohol, 25 cc. of absolute ether was 
added and the solution placed in a three-necked 200-cc. flask fitted with a mercury- 
sealed stirrer, condenser, dropping funnel and a thermometer. The apparatus was 
placed in a water-bath a t  40'. A mixture of 4.5 g. of 2-octyl nitrate and 6 g. of 4- 
methylcyclohexanone dissolved in 70 cc. of absolute ether was added slowly through the 
dropping funnel with the mixture refluxing. After the ether solution of the ketone and 
nitrate was added 50 cc. more of absolute ether was added. The mixture was stirred 
for two more hours, making three hours in all. The yellow precipitate was then filtered. 

(8) "Organic Syntheses," J Wiley and Sons, New York, 1926. Vol. VII, p 68. 
(9) Chapman and Smith. J. Chcm. Soc., 30, 581 (1867). 

(10) Bouveault and Wahl, Cornpf. rend., 186, 1663 (1903). 
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washed with absolute ether and dried over phosphorus pentoxide in a vacuum. The 
yield of 1.5 g. was 29.9% of the theoretical. The crude product contained nitrogen and 
24% potassium. l'wo grams of the crude salt was dissolved in 150 cc. of 95% alcohol, 
filtered and 300 cc. of absolute ether added. The immediate precipitate was filtered 
and found to be orange to red in color. A fine yellow precipitate which formed over- 
night on standing in the ice box was filtered, dried and recrystallized in the same manner. 

Anal. Calcd. for CaHloNOaK: K, 20.03; N, 7.17. Found: K, 21.34; N, 7.05. 
Reaction between 4-Methylcyclohexanone and d-2-Octyl Nitrate.-One gram of 

potassium was dissolved in 7 cc. of absolute alcohol, 25 cc. of absolute ether was added 
and the solution placed in a 200-cc. three-necked 5ask fitted with a condenser, mechani- 
cal stirrer, dropping funnel and a thermometer. The apparatus was placed in a water- 
bath a t  40". A mixture of 4.5 g. of d-2-octyl nitrate and 6 g. of 4-methylcyclohexanone 
dissolved in 40 cc. of ether was added slowly through the dropping funnel while the 
mixture was re5uxing. After the ether solution had been added, 50 cc. more of absolute 
ether was added and the warm mixture stirred for one hour more, making one and a half 
hours from the beginning. The yellow precipitate was filtered, washed with dry ether and 
dried over phosphorus pentoxide in a vacuum. The yield of 1.7 g. was 33.9% of the 
theoretical. For purification one gram of the crude potassium salt was dissolved in 10 
cc. of 95% alcohol. The solution was filtered and the salt precipitated by the addition 
of 300 cc, of dry ether. The immediate precipitate which came down was filtered and 
the solution allowed to stand in the ice box. After several hours a h e  crystalline pre- 
cipitate separated which was filtered and dried in ntacuo over phosphorus pentoxide. 
The salt was a yellow solid which was very hygroscopic. I t  gave an immediate rotation 
of [a]g +9.0Z0 which dropped to zero in 1.1 hours. 

Anal. Calcd. for CsHloN08K: K, 20.03; N, 7.17. Found: K, 20.95; N, 7.15. 
Reaction between 4-Methylcyclohexanone and 1-2-Octpl Nitrate.-This condensa- 

tion was carried out in exactly the same manner as the preceding one. The product 
had a lower rotation of [a]Y -4.00°. 

Anal. Calcd. for CsHloNOsK: K, 20.03; N, 7.17. Found: K, 21.22; N, 7.34. 
Reaction between dl-2-Octyl Nitrate and Potassium Ethylate.-The same proce- 

dure was used as above except that 4methylcyclohexanone was omitted. At the end of 
two hours no precipitate had separated. After standing for two days a slight precipitate 
separated which was examined and found to be potassium nitrate This experiment 
shows that potassium 2-octylate was soluble in the concentration of alcohol and ether 
used as the reaction solvent and hence could not contaminate the salts of the nitro 
compounds. 

Reaction between 2-2-Octyl Nitrate and Cyc1ohexanone.-This condensation was 
carried out by exactly the same procedure as for 4-methylcyclohexanone. After the reac- 
tion was complete the orange-brown precipitate was filtered but as soon as the ether was 
gone the precipitate turned to an oil. Some of the solid left in the flask was suspended 
in dry ether and placed in a vacuum desiccator and the ether evaporated. The solid 
was dried over phosphorus pentoxide in a vacuum. The material was extremely 
hygroscopic and turned to an oil in a few minutes if exposed to the air. A sample was 
weighed out and gave [ a ] y  -6.72' and the rotation decreased until a t  the end of one 
hour it was zero. All attempts to purify the compound and obtain analyses on it have 
failed up to the present time. 

Summary 
The reaction between 4-methylcyclohexanone and d- and I-2-octyl ni- 

trate in the presence of potassium ethylate produced the d- and I-potassium 
salts of 2-nitro-4-methylcyclohexanone. 



The optical activity of these salts appears to be due to the asymmetry 
of the carbon atom carrying the nitro group. 

URBANA, ILLINOIS RECEIVED AUGUST 8, 1932 
PUBLISHED FEBRUARY 9, 1933 

The Mechanism of Reduction by Sodium Amalgam and 
Alcohol. I. The Reduction of Aromatic Ketones to Hydrols 

During the reduction of benzophenone by 2% sodium amalgam and 
absolute alcohol two striking phenomena were observed. In  the first 
place, the sodium amalgam is almost without action on the alcohol; when, 
however, benzophenone is added and the mixture is shaken, a vigorous 
reaction takes place with evolution of heat and in a few minutes all of the 
ketone is reduced to hydrol. Secondly, during the reduction the solution 
becomes blue, indicating the formation of the sodium ketyl (CeH5)2CONa; 
the blue color rapidly disappears if shaking is discontinued. When all of 
the ketone has been reduced the blue color no longer reappears. When 
these facts are considered in conjunction with the fact that benzophenone 
reacts rapidly with sodium amalgam in absence of alcohol and gives the 
ketyl as the initial product, there can be no doubt that the reduction of the 
ketone is not effected by the hydrogen liberated by the action of the sodium 
amalgam on the alcohol; instead, the reduction occurs in virtue of the 
reactions 

2(CsH6)2C0 + 2Na + ~ ( C ~ H S ) L ! - O N ~  (C6H6)2C-ONa (1) 

The sodium attaches itself to the ketone and gives the sodium ketyl which 
associates to sodium pinacolate with which i t  establishes an equilibrium; 
the ketyl is converted by the alcohol into a mixture of benzohydrol and 
benzophenone; the ketone that is regenerated in this manner then in its 
turn goes through the cycle of reactions until benzohydrol is the sole prod- 
uct. Benzopinacol may be formed by reaction of the sodium pinacolate 
with alcohol, but since the reaction is reversible the pinacol, like the ketyls 
will ultimately be converted rapidly to ketone and hydro1.l 

If this mechanism be correct, then i t  should be possible to effect complete 
reduction by using only as much alcohol as is required by the formulation, 
since no loss of reducing agent occurs through evolution of hydrogen. 
This was found to be the case when the redttction was carried out in a mix- 

(1) Bachmann, THIS JOURNAL, 66,355 (1933). 



ture of ether and benzene. Rapid and complete reduction takes place if a 
mixture of benzophenone and the theoretical amount of alcohol is shaken 
with 2% sodium amalgam in ether and benzene. Under these conditions 
it becomes even more apparent that the reduction proceeds through the 
intermediate formation of ketyl radicals, since the color phenomena are 
more pronounced; the solution becomes opaque dark blue and remains so 
until the end of the reaction when the solution becomes nearly colorless. 
The reaction is similar to the reduction of benzophenone by an equivalent 
amount of benzoliydrol and sodium a~~a1garn.l As a matter of fact, 
i t  was found that complete reduction can be effected by using only one- 
half the amount of alcohol required in the formulation since the benzo- 
l~ydrol can react in the manner of the alcohol. 

In further support of this mechanism may be cited the fact that the 
identical results are obtained if the two reactions (Equations 1 and 2) 
are carried out separately in succession. This is accomplished by allowing 
the benzophenone to react with sodium amalgam in a mixture of ether 
and benzene in the absence of alcohol; in this way the reaction represented 
in Equation 1 takes place. If alcohol is added to this blue reaction mix- 
ture, then the reaction represented by Equation 2 occurs; after being 
shaken for a short time the mixture gives a quantitative yield of benzo- 
hydrol. 

Similarly to benzophenone, other aromatic ketones can be reduced 
nearly quantitatively to hydrols in ether and benzene by sodium amalgam 
and a small amount of alcohol. Indeed, the procedure has proved to be an 
excellent practical method for preparing hydrols, possessing certain ad- 
vantages over other methods of preparation. In support of our theory of 
the mechanism of reduction it was found that in every case the solution 
becomes deeply colored, and the color corresponds with the color charac- 
teristic of the individual sodium ketyl. Investigation has shown that the 
excellent method of Fosse2 for the reduction of xanthone to xanthydrol by 
sodium amalgam and alcohol depends upon the intermediate formation of 
the xanthone-sodium compound. We have confirmed Fosse's observation 
that a blue color is developed during the reaction and we have found that 
the color is the same as that of the ketyl formed by the action of sodium 
amalgam on xanthone in absence of alcohol. 

Various investigators have postulated the formation of intermediates in 
reductions. Cohen3 considered that pinacols are formed by association of 
two diphenylhydroxymethyl radicals, (CeH6)zC-OH, formed as inter- 
mediates by addition of an atom of hydrogen to benzophenone. He be- 
lieved that pinacols are initially formed in the reduction of ketones to 
hydrols, and then broken down by the alkali. Willstiitter, Seitz and 

(2) Fosse, Ann. chim., [91 6,  58 (1916). See also "Organic Synthe%s," John Wiley and Sons, New 
York, 1927, Vol. VII, p. 88. 

(3) Cohen, Rec. Irau. chim , 38, 72,  113 (1919). 



Bumm4 recently pointed out that the mechanism by which reduction by 
sodium amalgam takes place is still obscure. These investigators found 
that although pure sodium amalgam liberates no hydrogen from water, 
nevertheless reduction by this system is rapid. From their study of the 
reduction of terephthalic acid by sodium amalgam and water under various 
conditions, they came to the conclusion that the initial step consists in an 
addition of sodium to the atoms having free affinity. 

Reduction of benzophenone by lithium amalgam and by potassium 
amalgam and alcohol follows the same course taken by sodium amalgam. 
In the reactions the intense blue colors of (CeHs)zC-OLi and of (c~H6)zC- 
OK are present until reduction of the ketone is complete; the yields of 
benzohydrol are quantitative. 

Preliminary experiments with aliphatic ketones, with aldehydes, and 
with other compounds indicate that in many cases reduction by sodium 
amalgam and alcohol takes place through the intermediate formation of 
sodium addition derivatives. The results of these investigations will 
appear in future communications. 

Experimental 

Preparation of Sodium Amalgam.-Although many methods have been devised 
for preparing sodium amalgam, the following procedure proved to be most convenient 
for preparing 2% sodium amalgam rapidly in amounts necessary for our experiments. 
Sixty grams of mercury and 15 cc. of toluene are heated to the boiling point of the liquid 
in a 60-cc. Pyrex test-tube. One and two-tenths grams of sodium is cut into about a 
dozen pieces and added in portions to the hot mixture, shaking after each addition until 
reaction IS complete. When all of the sodium has been added, the amalgam is cooled 
with shaking in order to prevent the amalgam adhering to the tube. The toluene is 
decanted from the solid amalgam and the latter is then removed from the tube, wiped 
clean with a cloth and broken into pieces. 

Reduction of Benzophenone by Sodium Amalgam and Alcohol.-When a mixtitre 
of 60 g. of 2% sodium amalgam and 60 cc. of absolute alcohol was shaken, less than 1 
cc. of hydrogen was evolved in the course of one hour. As soon as 3.64 g. of benzo- 
phenone was added and the mixture was shaken, a vigorous reaction ensued; the solid 
amalgam became liquid and heat was evolved, making it necessary to cool the flask. 
On being shaken vigorously the solution became blue; when shaking was stopped the 
blue color rapidly disappeared. Hydrolysis after one-half hour gave 3.56 g. (96%) of 
benzohydrol. When reduction by 40y0 sodium amalgam and alcohol was tried, a 
vigorous evolution of hydrogen occurred and the product was an oil that did not crys- 
tallize. Linnemanns obtained a 60% yield of benzohydrol by reducing benzophenone 
by solid sodium amalgam and 90% alcohol. Klages and AllendorE6 found that benzo- 
phenone was reduced to diphenylmethane to the extent of 90yo by the action of sodium 
and alcohol. 

Reduction of Benzophenone in Ether and Benzene.-To 60 g. of 2y0 sodium amal- 
gam in a 50-cc. cylinder or 50-cc. Erlenmeyer flask was added 25 cc. of anhydrous ether, 
25 cc. of dry benzene and 2.5 cc. of absolute alcohol and finally 3.64 g. (0 02 mole) of 

(4) Willstatter, Seitz and Bumm, Ber., 61B, 871 (1928) 
(5) Linnemann, A n n ,  163, 6 (1865). 
(6) Klages and Allendorff. Ber., 31, 998 (18981. 
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benzophenone. The tube was corked and shaken. Almost immediately the solution 
became dark blue in color; it was necessary to cool the flask. After five minutes the 
solution was opaque blue; after ten minutes the color was less intense and after fifteen 
minutes the solution was transparent pale green. At the end of this time the mixture 
was poured into water contained in a separatory funnel, the mercury was drawn off and 
the solution was acidified. The ether-benzene solution was separated and etraporated; 
the residue was nearly pure benzohydrol. After recrystallization from petroleum ether 
the benzohydrol weighed 3.60 g. (98%). 

Reduction of Other Ketones.-In Table I are given the results obtained by reducing 
a number of representative aromatic ketones, following the procedure described for 
benzophenone. In each case 0.2 gram-moie of ketone, A0 g of 2Yo sodiuni amalgam 
and 2.5 cc of absolute alcohol was shaken in 50 cc. of a mixture of ether and benzene. 
The mixtures were hydrolyzed as soon as the solution had only a pale color, which gen- 
erally occurred in fifteen to thirty minutes. The yields given in the table are based on 
recrystallized product. Phenyl a-naphthyl ketone gave a number of products; this 
ketone is being studied further. 

REDUCTION OF AROMATIC KETONES TO HYDROLS B Y  SODIUM AMAI.GAM AND ALCOHOL 
Color during Hydtol 

Ketone reduction yield. % 
Benzophenone Blue 98 
4-Methylbenzophenone Blue 98 
4,4'-Dimethylbenzophenone Blue 96 
4-Phenylbenzophenone Green 98 
4,4'-Diphenylbenzophenone Green 99 
Fluorenone Brown-green 99 

4,4'-Diphenylbenzophenone and 4,4'-Diphenylbenzohydro1.-We have found that 
the method of Adam' for preparing 4.4'-diphenylbenzophenone from biphenyl and phos- 
gene in the presence of aluminum chloride gives excellent yields of the ketone. Be- 
cause of the difficulty involved in obtaining phosgene on account of shipping regulations, 
a different method was devised Staudinger8 found that oxalyl chloride and benzene 
react and give henzophenone and we have now applied the reaction to oxalyl chloride 
and biphenyl. A mixture of 70 g. of oxalyl chloride, 200 g. of biphenyl and 150 cc. of 
carbon disulfide was warmed to 40-50' in a I-liter round-bottomed flask fitted with a 
reflux condenser. To the mixture 100 g. of anhydrous aluminum chloride was added 
in portions a t  such a rate as to keep the mixture boiling. After addition was com- 
plete the mixture was warmed for one hour on a steam-bath and was then allowed to 
stand overnight. The hydrolyzed mixture was warmed on a steam-bath in order to 
remove the carbon disulfide and the solid diphenylbenzophenone was filtered off, washed 
and dried. In order to remove biphenyl, the crude ketone was warmed with a large 
amount of alcohol and the mixture was filtered while hot. The ketone was obtained 
in the form of colorless leaflets by extracting it in a Soxhlet extractor with a mixture 
of equal parts of acetone and benzene; extraction took place at the rate of 2 g. of ketone 
per hour; yield, 155 g. (80%) ; m. p. 233 ". Contrary to statements in the literature the 
ketone is very little soluble in hot alcohoI or in hot benzene. 

It is difficult to reduce 4,4'-diphenylbenzophenone by many reducing agents be- 
cause of the insolubility of the ketone in most solvents. By our procedure the carbinol 
is prepared in quantitative yields. In one experiment 33.4 g. (0.1 mole) of diphenyl- 
benzophenone was added to 300 g. of 2% sodium amalgam and 12.5 cc. of absolute 

(7) Adam, Ann. chim. phys., 161 16, 258 (1888) 
(8) Staudinger, Ber., 41, 3563 (1908). 



alcohol in 150 cc. of ether and 150 cc. of benzene The mixture was warmed to 40D, 
stoppered and shaken. The reaction was slow until the amalgam became liquid (two 
hours) ; then on being shaken vigorously so that the amalgam was dispersed into fine 
globules the mixture became dark green and all of the ketone was reduced in five min- 
utes. The diphenylcarbinol which was obtained by hydrolysis of the nearly colorless 
solution was recrystallied from acetone (3.5 cc. of acetone per gram of carbinol) and 
was obtained in the form of large colorless needles; yield, 33 g.; m. p. 151-152'. 

Reduction of the System, Sodium Ketyl Sodium Pinaco1ate.-A mixture of 
3.64 g. of benzophenone and 60 g. of 2% sodium amalgam in ether and benzene was 
shaken for two days. To the blue mixture of sodium ketyl and sodium pinacolate was 
added 2.5 cc. of absolute alcohol and the resulting mixture was shaken for jifteen min- 
utes. Hydrolysis gave a quantitative yield of benzohydrol. In  like manner the ketyl- 
pinacolate mixtures obtained from 4-phenylbenzophenone and 4.4'-diphenylbenzo- 
phenone were reduced completely to the hydrol. 

Reduction of Benzophenone by Lithium Amalgam and by Potassium Amalgam.- 
Lithium amalgam was prepared by keeping 0.35 g. of lithium, cut into several pieces, 
under 60 g. of heated mercury covered with toluene; several hours were often required 
for complete combination. The semi-solid amalgam was cleaned and added to a solu- 
tion of 3.64 g. of benzoplienotie and 2.11 cc. of alcohol in 60 cc. of ether and benzene. The 
solution became dark blue in color; after being shaken for fifteen minutes the solution 
was nearly colorless. Hydrolysis gave a quantitative yield of benzohydrol. 

In like manner an intense blue color resulted when 1.82 g. of benzophenone in ether 
and benzene was shaken with 1.3 cc. of alcohol and potassium amalgam that had been 
prepared from 0.88 g. of potassium and 50 g. of mercury. After half an hour little color 
remained; hydrolysis gave a quantitative yield of benzohydrol. 

Summary 
Benzophenone and a number of other aromatic ketones are reduced in 

ether-benzene solution quantitatively to hydrols by 2% sodium amalgam 
and a small amount of alcohol. 

The reduction of ketones to hydrols by 2% sodium amalgam and alcohol 
is not effected by hydrogen liberated by the action of the amalgam on the 
alcohol. It has been shown that the reduction proceeds through the inter- 
mediate formation of ketyl radicals: (a) 2(CaHs)zCO + 2Na -+ 2(CsHs)z- 
C O N a e  (CeHs)zC(ONa) (NaO)C(CsHs)2; (b) 2(CeHa)zCONa + 2CzH60H 
-+ (CsH&CHOH + (C6H5)2C0 + 2QHsONa. The ketone that is re- 
generated in this manner goes through the series of reactions until the hydrol 
is the sole product. 

A study is being made of the mechanism of reduction of other types of 
ketones and of other compounds. 

ANN ARBOR, MICHIGAN RECEIVED AUGUST 8. 1932 
PUBLISHED FEBRUARY 9, 1933 
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Cyclic and Polymeric Compounds from the Reactions of 
Ethylene Mercaptan with Polymethylene Halides 

Recently there has been much interest in the formation of cyclic ant1 
"string" molecules by the interaction of bifunctional compounds. Staud- 
inger and his co-workers1 have considered such reactions in relation to high 
polymers while Carothers2 has elaborated the theory for the reactions of 
bifunctional compounds in general and with the aid of several co-workers3 

has verified his conclusions by studies of the esters of various a,w-glycols 
with a,w-dibasic acids. The data so obtained are important for an under- 
standing of the formation of rings and for the theories of strainless rings as 
well as for an understanding of high polymers. 

The reactions of dimercaptans with dihalides offer the same possibilities 
as those of other bifunctional molecules and may be expected to show, 
in addition, some of the peculiarities of sulfur compounds. The possible 
reactions can be illustrated with sodium ethylene mercaptide (I) and 
ethylene bromide (11). Since it is highly improbable that both of the 
reactive groups of the one molecule will come into contact with both of 
those of the other molecule simultaneously, it is sufficient to consider only 
the reactions in which one group of each takes part. 

N~SCHZCHZSN~(I)  + BrCH2CH2Br(II) ---t NaSCH2CH2SCH2GH2Br(III) (1) 
I + I11 -+ NaSCH2CH2SCH2CH2SCH2CH2SNa (IV) ( 2 )  
I1 + I11 --+ BrCH2CH2SCH2CH2SCH2CH2Br(V) (3) 
IV + I1 -+ N~SCH~CHZSCH~CH~SCH~CHZSCH~CH~B~(VI) (4) 

The reaction of I with V also gives VI. In the preparation of ethylene 
mercaptan both Meyer4 and Ray5 have found high boiling liquids, one of 
which Ray identified as HSCH2CH2SCH2CH2SCH2CHzSH(IVa), which 
corresponds to IV above. The presence of other members of this series 
has been suggested by V. Meyer. 

There is no obvious reason why these processes should not continue 
indefinitely, since VI may react with I or with I1 and every product that is 
formed has reactive groups at  both ends. Whether bromine atoms, as in 
V, or -SNa groups, as in IV, predominate will depend on the relative 
proportions of the original reactants. I t  is to be noted that the products 
are of two kinds, those such as IV and V which have the same kind of 
groups at both ends and those like I11 and VI which have different groups 

(1) Staudinger, Ber., i B ,  3019 (1926): and other articles too numerous to list. 
(2) Carothers, Tars JOURNAL, 61, 2548 (1929); Chem. Rw., 8, 353 (1931). 
(3) Tars J O ~ N A L ,  61, 2560 (1928); 62, 314, 711, 3292 (1930); 64, 1559, 1566, 1589 and 1579 

(1932). 
(4) Meyer, Ber., 19, 3259 (1886). 
( 5 )  Ray, J .  Ind Chem Soc , 6, 865 (1929). 



at the two ends and are thus capable of reacting intramolecularly to form 
ring compounds such as 

S/CH2CH> (VII) and S 
/CHzCHzSCHzCHz )s (vIn) 

\CI-IZCHZ \CHZCHZSCH~CHZ 

It is evident that reactions such as these may go on in the preparation of 
all the polymethylene mercaptans by the usual reactions of the poly- 
methylene bromides on sodium hydrosulfide, since the dimercaptans are 
present with the dibromides during the course of the reaction. There is 
here the additional possibility that compounds 111, V and VI may react 
with sodium hydrosulfide which is present in abundance to give a complete 
series of sulfide-dimercaptans like IV. It is well known that the yields of 
the polymethylene mercaptans are usually not large and that considerable 
amounts of amorphous polymeric materials are obtained as by-products. 

It has been observed that the high boiling liquids mentioned above are 
readily oxidized by air to form high molecular weight products. Little is 
known of these and it may be assumed that some are linear and some cyclic. 

A relatively high proportion of disulfide linkages in the molecule will be 
evidenced by a high aulfur content. 

While rings of any size are possible, from what we know of the arrange- 
ment of molecules in space it appears to  be very unlikely that the terminal 
groups will be near enough together for ring closure except when the chains 
are of certain lengths. I t  is well known that the reaction of ethylene 
bromide and sodium sulfide gives 1,4-dithiane along with polymers. 
Dithiane and polymers are also obtained as by-products in the preparation 
of ethylene mercaptan. Thus ring closure takes place readily a t  the stage 
111 to form a six-membered ring. R&y5r6 has reported a trimeric ring of 
ethylene sulfide but Bennett and Berry7 could not get this. Dithiane is the 
only ring compound that we have isolated from the above reactants. It is 
quite possible that larger rings of various sizes are mixed with the string 
molecules in the high molecular weight, insoluble materials that are ob- 
tained from such reactions. Mansfeld8 obtained 1,3,5-trithiane, which is 
also a six-membered ring, from methylene iodide and sodium sulfide. 

From the time of Crafts
g 

in 1862 reactions of this type have been studied 
and many facts have been accumulated but there are many gaps and some 
discrepancies in the recorded information. The purpose of the present 
study was to coordinate and extend the earlier observations. I t  consists of 

(6) Ray, J. Chem. Soc., 117, 1090 (1920); 121, 1279 (1923); 123, 2174 (1923). 
(7) Bennett and Berry, ibid., 127, 910 (1925). 
(8) Mansfeld, Bcr.. 19, 697 (1886). 
(9) Crafts, Ann., 124, 112 (1862) 
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three parts: ( I )  the isolation of cyclic molecules from reactions between 
sodium ethylene dimercaptide and the methylene and polymethylene 
halides up to the hexa-, (2) study of the polymers, particularly those 
formed in the preparation of ethylene mercaptan, (3) depolymerization or 
decomposition of some of the more complex compounds. 

Ring Formation 

The results of our work are given in Table I. In all cases ethylene 
mercaptan reacted with the dihalide ir, the presence of alkali. In some 
cases both the monomeric and the dimeric rings have been obtained while 
in others only the one or the other. I t  will be noted that those containing 
5, 6 and 7 members are obtained in considerable yields while the mono- 
meric 8 and 9 rings could not be isolated and the 10 was found in only small 
amount. All of the preparations were made under the conditions found 
best for 1,4-dithiane. Small yields of dimeric rings of 10, 14, 16 and 18 
members were obtained. 

The ring No. 1, 1,3-dithiolane was made by Gibson1° and previously by 
Baumann and Walter." Gibson gives the sulfone as melting a t  224O, 
which he says checks with the results of previous workers who gave 204-205O. 
The sulfone from our product melted at  204.5-205'. 

TABLE I 
RINGS FORMED FROM ETHYLENE MERCAPTAN AND POLYMETHYLENE DIHALIDES 

Yield, Molecular wt. 
No. Dihalide Ring formed Atoms % M. p.. O C .  Calcd. Found 

1 CH2Clz (CHz)zSzCHz 5 26 -51 106 109 
2 CH2Clz [(CHz)zSzCH~lz 10 0 . 2  121 212 219 
3 (CH2)zBrz (CH~)ZS(CHZ)Z 6 46 111 120 118 
4 (CHz)aBrz (CH2)2Sz(CHz)a 7 9 47.0 134 140 
5 (CH2)3Brz [(CHz)zSz(CHz)31z 14 1 122 268 247 
6 (CH2I4Br2 [(CHZIZS~(CHZ)~IZ 16 0 . 2  73 296 290 
7 (CH&Brz [(CH2)2S(CH2)5]2 18 .15 89 324 319 
8 (CH&Br2 (CHz)z%(CHa)6 10 .06 65 176 240 

The yield of dithiane was better at  room temperature than a t  the boiling 
temperature of the alcoholic solution. 

The ring No. 4 was prepared from trimethylene mercaptan and ethylene 
bromide but not isolated by Autenrieth and Wolff,12 who gave 282O as the 
melting point of its sulfone, which agrees with ours. Ring No. 5 has not 
been isolated previously. 

Rings Nos. 6, 7 and 8 were obtained only in minute yields and on this 
account the statements about them are to be regarded as preliminary only. 
They separate in crystals when the ether extracts of the accompanying 
polymers are evaporated to small volume. They were recrystallized from 

(10) Gibson, J. Chem Soc , 1930, 13. 
(11) Baumann and Walter, Be*., 26, 1129 (18931. 
(12) Autenrieth and Wolff, rbzd., 32 (1899). 



ether and alcohol. It is noteworthy that the monomeric 8 and 9 membered 
rings were not obtained. 

Polymers 

In  the preparation of all of the ring compounds of Table I, large amounts 
of polymers were obtained. In appearance they are all much alike, white, 
fluffy and apparently amorphous. Their sulfur content is in all cases 
within 1% of that of the rings which they accompany. This suggests 
chains made up of the unit -(CH2)2--S-(CH2),-S-. In case the bro- 
mide is in excess one or both of the terminal groups may be bromine atoms 
as seems to have been the case in the polymers studied by Ray and Bose- 
R%y.13 

Bennett and Hill14 suggest -CH=CH2 and -CH20H as possible end 
groups. I t  seems more likely that -0CzH6 may be formed occasionally 
by the reaction of the bromide with sodium ethylate, a trace of which 
must be present in the reaction mixture. 

All of these polymers are mixtures which can be roughly separated into 
fractions by partial solution in solvents such as ether, benzene and chloro- 
form. The solubility in chloroform increases as the number of carbons in 
the polymethylene bromide goes up. 

The mixture of polymers obtained in the preparation of ethylene mer- 
captan was studied more extensively on account of its availability. Indi- 
cations as to the nature of these are obtained from a consideration of the 
products intermediate between the ethylene mercaptan and the solids. 
Steam distillation of the ethylene mercaptan leaves a quantity of heavy oil 
a part of which is slightly volatile with steam. A quantity of this oil was 
collected and fractionated but sharp cuts could not be obtained. A portion 
boiling a t  120-140' at  30 mm. from which dithiane crystallized showed an 
average molecular weight of 154 corresponding to HSCZH~SC~H~SH. 
Iodine titration gave the high equivalent weight of 132, which was probably 
due to the presence of dithiane. This oil on standing for several days 
precipitated an amorphous white solid entirely similar to the original 
polymeric part. An iodine titration of the remaining oil gave an equiva- 
lent weight of 151, showing that i t  had suffered oxidation. In a portion of 
the original oil that had been steam distilled a white solid appeared after a 
time. This was filtered off and freed from dithiane by washing with ether 
and showed a molecular weight of 1300. It was no longer volatile with 
steam. It must have been formed by spontaneous oxidation. 

The solid polymers from several preparations were united and separated 
roughly into fractions by successive extractions with solvents. The proper- 
ties of these are shown in Table 11. 

No. 5 was titrated with iodine and gave 2950 and 3000 as equivalent 
(13) RAy and Bose-RBy. J. Indian Chcm. Sod., 8, 75 (1928). 
(14) Bennett and Hill, J. Chem. Soc., 1803 (1927). 
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TABCE I1 
PROPERTIES OP THE FRACTIONS OR THE POLYMERS 

Softens at Melts at 
Sol\ ent Wt. OC. OC. s, % 

Ether . . . . . 30-40 
Benzet~e 2 . 6  .. 80-83 59.5 59.7 
Hot ben~cilc 8 . 0  74 79-81 65 3 64.1 
Hot benzenc 1 . 4  58 67-72 04.2 64.7 
Hot chloroform 13 0 70 80-81 63.0 62 6 
Hot benzene 4 . 5  66 79-84 63.0 62.6 
Hot benzene 3 .5  67 80-82 61.8 51.3 
Hot xylene 4 . 0  65 88-91 62.0 
Hot nitrobenzene 2 . 4  86 118-121 64.2 

weights. Bromine was not detected in any of the fractions. Fraction 
No. lawas waxy. It is to be noted that all of the fractions show a higher 
sulfur content than the unit -CH2CHzS-, which has 53.3%. The molecu- 
lar weight and composition of No. 5 would be accounted for by (CZH,S)~~- 
Sls, indicating a large number of disulfide linkages. This approximates 
(-CH2CH2SCH2CH2S-S)B, an oxidation product of HSCHZCFT~SCHZ- 
CHzSH. 

On account oi the amorphous character of the polymers, x-ray inspec- 
tionx6 did not show much but powder diagrams of all of the fractions showed 
the spacing -C-C-S-. Nos. 2, 4 and 9 were photographed with a 
larger camera and Nos. 4 and 9 gave a line corresponding to -C- 
C-s-S-. 

Depolymerization 

Apparently these polymers show no reaction corresponding to the ester 
interchange found by Carothers.16 Dithiane heated for two days in a 
sealed tube to 180-190' was unchanged. The polymers heated for several 
hours in a molecular still under high vacuum showed no decomposition. 
In some cases there was a slight sublimation of low molecular weight ma- 
terial which was probably present originally. 

Bennett1' has shown that ethylene sulfide polymers give dithiane on 
heating with ethylene bromide. The reaction involves the formation of a 
sulfonium bromide since ionic bromine appears. We have extended this 
reaction to all of our polymers and have obtained dithiane from all of them. 
The yields are given in Table 111. The same polymers heated with 
trimethylene bromide do not yield any isolable ring compounds though 
ionic bromine is formed. This is curious considering the fact that the ring 
(CH&$%(CH2)3 is readily obtained from ethylene mercaptan and tri- 
methylene bromide. These facts are further evidence of the unique proper- 
ties of six-membered rings. 

(15) For which our thanks are due to Mr. D. A Wilson. 
(16) Carothers, THIS JOURNAL, 54, 761 (1932). 
(17) Bennett, J .  Chem. Soc., 1803 (1927) 



N. BEVEIUEY TUCKER AND E. EMMET REID VO~. 56 

YIELDS OF DITHIANE FROM POLYMERS WITH &HYLENE BROMIDE 

Polymer Percentage of weight Percentage of calcd. 

[--CHzS(CHz),S-Jz 51 43 
[-(CHz)zS(CHz)zS-lz 65 65 
No 2 Table I1 28 32 
No. 9 Table I1 24 31 
[-(CHz)~S(CHz)~S--lz 25 28 
[--(CH~)ZS(CHZ)BS-- 1s 2 1 3 1 

To get further light on this reaction by applying it to  a compound of 
known structure, dibutyl dithioglycol ether, C4H9SCH2CH2SC4H~, was 
prepared and heated with ethylene bromide. A 48y0 yield of dithiane was 
obtained but a similar experiment using trimethylene bromide gave no 
definite results. 

It was found that some of the polymers give dithiane when heatcd in a 
current of hydrogen chloride. The results of this treatment are given in 
Table IV. 

TABLE IV 
YIELDS OF DITHIANE FROM POLYMERS WITH HYDROGEN CHLORIDE 

Polymer Percentage of weight Percentage of calcd. 

[-(CHz)zS(CH2)zS- lz 40 40 
[--(CH~)ZS(CHZ).+- lz 18 40 
[-(CH~)ZS(CHZ)~S- Iz 14 41 

The polymer [-CH~S(CHZ)ZS-1, gave a 30% yield of the corresponding 
monomeric ring, l,3-dithiolane. 

Ethylene mercaptan was prepared by heating for one and a half hours in an auto- 
clave a t  about 100" with stirring, ethylene chloride and a 10% excess of aqueous sodium 
hydrosulfide made by saturating crystalline sodium sulfide, NazS.9Hz0, with hydrogen 
sulfide. The pressure developed was about 2.5 atm. The product was acidified with 
sulfuric acid and the mercaptan distilled out with steam. The crude mercaptan was 
dried and fractionated in a column still, b. p. 146-146.5'. I t  melted a t  -41 to -41.4" 
and had n2$ 1.5558. The yields were 55 to 65%. 

Trimethylene and pentamethylene bromides were purchased from the Eastman 
Kodak Co. The tetra- and hexamethylene bromides were prepared from the corre- 
sponding glycols which were obtained by the Beauveault and Blanc reduction of the 
butyl esters of succinic and adipic acids. 

The condensations of ethylene mercaptan with the polymethylene bromides were 
all carried out in the same way: 0.25 mole of the mercaptan was dissolved in 500 cc. oc 
absolute alcohol in which 12 g. of sodium had been dissolved and 0.25 mole of the bro- 
mide added slowly a t  room temperature. The separation of sodium bromide began im- 
mediately but the mixture was boiled for one-half hour and poured into water. Ether 
was added and the whole filtered. The solid material was dried and extracted for twelve 
hours with ether. The two ether solutions were united and dried over calcium chloride 
and evaporated to get the monomeric and dimeric ring compounds. 

1,3-Dithio1ane.-The evaporation of the ether solution obtained as above left 10 g. 
of oil which was distilled, 7 g. going over between k78 and 182" ar 26%. This was frac- 
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tionated through a small column and gave 5 g. boiling at  179-180 ". This had n2$ 1.5983 
and solidified at  -51 to -52 O ;  molecular weight in borneol, 108, 110; calcd., 106 The 
residue from the distillation was a heavy oil from which needles separated after three 
weeks standing. These were picked out, dried on filter paper and recrystallized twice 
from ether and once from alcohol; yield, 50 mg., 0.2%. m p. 121 O ,  mol, wt. calcd. 212; 
found 220; sulfur calcd., C ~ H I ~ S ~ ,  60.3; found, 63.3. 

Dithiane.--The experimental conditions given above were chosen after a number of 
experiments on the condensation of ethylene mercaptan with ethylene bromide. Where 
the reaction was run a t  the boiling temperature the ratio of polymer to dithiane was 2 : 1 
but at  room temperature the yield of dithiane was 46% to 51 of polymer. At O 0  the 
ratio was even more favorable to dithiane but the reaction was incomplete. 

Ethylene-trimethylene Disdfide.-On evaporation of the ether extracts some 
amorphous material separated and later small colorless apparently cubic crystals, weight 
0.15 g. These were unaffected by alkali, gave no test for halogen, melted a t  121-122"; 
m. w. calcd. for C10H20S4, 268; found, 247; sulfur calcd., 47.8; found, 48.1. Complete 
evaporation of the ether left a yellow semi-crystalline mass from which flakes were ob- 
tained by sublimation on the water-bath, yield 3.2 g. or 9%. These melted a t  47.0- 
47.5 " and contained 47.4, 48.0% of sulfur; calcd. for C5HloSz. 47.8; m. w. 140; calcd., 
134. The sulfone was obtained by oxidation of 0 3 g. suspended in 20 cc. of water by the 
addition of potassium permanganate and acid, m. p. 281-282'. 

Ethylene-tetramethylene Disu1fide.-This was prepared in a slightly different 
way. A slight excess of Soy0 caustic soda was added dropwise to a solution of 11 g. of 
the dibromide and 5 g. of the mercaptan in 150 cc. of alcohol. The mixture was heated 
for thirty minutes, poured into water and extracted with ether. Crystals separate from 
the ether. 

Ethylene-pentamethylene Disu1fide.-This was obtained in the same way as the 
above. 

Ethylene-hexamethylene Disu1fide.-In this case the ether solution deposited 
amorphous material along with a small amount of crystals. These were picked out and 
recrystallized from ether. 

Summary 

Ethylene mercaptan has reacted with methylene chloride and the 
polymethylene bromides up to the hexa-. Cyclic compounds have been 
obtained in all cases along with amorphous materials having high molecular 
weights. 

All of the polymers give dithiane when heated with ethylene bromide. 
The most of them give the same material when heated in a current of dry 
hydrogen chloride. 



The Reaction of Iodine Monochloride with Certain Organic 
Mercury Compounds 

BY FRANK C. WHITMORE AND M. A. THORPE~ 

Although the reaction with iodine is one of the oldest and most widely 
used reactions of organic mercury compounds, "he analogous reaction with 
iodine monochloride has been neglected. The literature contains only one 
reference to it, namely, the action of iodine chloride with mercurated 
camphors to give diiodocamphor." 

The present study was undertaken to determine whether iodides or 
mixtures of iodides and chlorides are formed and to determine the feasi- 
bility of using iodine monochloride in place of iodine for the preparation of 
iodo compounds from organic mercury  compound^.^ The mercury com- 
pounds studied correspond to the various parts of Kharasch's table of 
"relative ele~tronegativity."~ The mercury compounds selected con- 
tained the groups, #-anisyl-, @-naphthyl-, #-tolyl-, phenyl- and @-phenyl- 
ethyl-. In  all except the last, yields of over 90% of the iodo compounds 
were obtained. No trace of organic chloro compound was detected. 
Phenylethylmercuric chloride gave a mixture of phenylethyl iodide and 
phenylethyl chloride. The latter was probably formed by the action of 
iodine chloride on the phenylethyl iodide. This is like the action of ethyl 
iodide with iodine mon~chloride.~ 

The solvent had a marked effect on the reaction of iodine monochloride 
with the organic mercury compounds. In  general, water was the best 
medium for the reactions in spite of the extreme insolubility of the mercury 
compounds in it. 

Experimental 
Iodine monochloride was prepared directly from the  element^.^ 
In studying solvents for use with the iodine monochloride it was observed that 

widely varying heats of solution were given with different solvents. In experiments 
under essentially identical conditions the addition of 1 cc. of iodine monochloride to 
25 cc. of solvent at 25' gave the following rises in temperature in degrees centigrade: 
ethylene chloride, 0.2; chlorobenzene, 0.6; distilled water, 2.0; benzene (c. P.), 2.1; 
acetic acid (glacial), 2.7; hydrochloric acid (c. P.), 3.3; ether (anhydrous), 5.0; ether 
(U. S. P.), 5.9; ethanol (absolute), 7.5; ethanol (95%), 5.3; chloroform, -1.3; carbon 

(1) Presented in partial fulfilment of the requirements for the Ph.D. degree at the Pennsylvania 
State College. 

(2) Whitmore, "Organic Compounds of Mercury," Chemical Catalog Co., N. Y., 1921, pp. 67-73. 
(3) Marsh, J. Chem. Soc., 97, 2413 (1010). 
(4) Cf. Whitmore and Hanson. "Organic Syntheses," 1925, Vol. V ,  p. 37. 
(51 Kharasch and Flenner, Tars JOURNAL, 54, 674 (1932). 
(6) Friedel and Silva, Bull. soc. chim., [2 j  17, 532 (1871). 
(7) Jackson and Whitmore, THIS JOTIRNAL, 37, 1528 (1915). 
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tetrachloride, -2.7. Each of these figures is the average of several determinations. 
The results are given merely as an indication of phenomena which should perhaps be 
studied with greater refinement. 

p-Anisylmercury Compounds.-p-Bromoanisole, b. p. 215-217O, was prepared in 
8870 yield from anisole and phosphorus pentabromide. The bromo compound was con- 
verted to di-p-anisylmercury, m. p. 200-202O, in 48% yield by treatment with 3% 
sodium amaSgam.8 

Action of Iodine Monochloride with Di-p-anisylmercuy. (a) In Carbon Tetra- 
chloride.--A solution of 8.3 g. (2  mols) of iodine monochloride in 100 cc. of dry carbon 
tetrachloride was added with stirring during two hours to a suspension of 10.7 g .  (1 mol) 
of di-p-anisylmercury in 250 cc. of the same solvent. The mercuric chloride was filtered 
off and the solution was shaken with sodium thiosulfate solution to remove a trace ot 
free iodine. The solution was washed with water and the excess solvent renioved by 
distillation. The residue crystallized giving 11.5 g. of p-iodoanisole, m. p. 50-51 O, :i 

yield of 95%. The melting point of the pure substance is given as 51-52 ". 
(b) In Water.-Iodine monochloride (8.3 g., 2 mols) was added with stirring 

during three hours to a suspension of 10.7 g. (1 mol) of the mercury compound in 100 
cc. of water boiling under a reflux condenser. The mixture was cooled to 60' and treated 
with 50 cc. of carbon tetrachloride, separated and washed with several 20-cc. portions of 
the solvent. The carbon tetrachloride solution was worked up as before to give 12.1 
g. of crude p-iodoanisole. Crystallization from 100 cc. of 95% alcohol gave 11,5 g. of 
the pure substance, m. p. 50-51 ". 

Action of Iodine Monochloride with p-Anisylmercuric Chloride.-The mercury 
compound was made from mercuric chloride and the mercury-bis con~pound in boiling 
alcohol in the usual way (Ref. 2, p. 65). 

A solution of 1.3 g. (1 rnol) of iodine monochloride in 50 cc. of carbon tetrachloride 
was added slowly with stirring to a suspension of 2.6 g. (1 rnol) of p-anisylmercuric 
chloride in 50 cc. of the solvent. The product was 1.7 g. of p-iodoanisole, m. p. 50-51 O, a 
yield of %Yo. 

@-Naphthylmercuric Chloride.-The mercury compound, m. p. 237-238'. was 
made from 8-naphthylamine in 60% yield.g A solution of 5.6 g. (1 mol) OF iodine mono- 
chloride in 50 cc. of 95y0 alcohol was added during three hours with stirring to a re- 
fluxing suspension of 12 g. (I mol) of @-naphthylmercuric chloride in 100 cc. of the same 
solvent. The clear solution was evaporated to half its volume under reduced pressure 
and then was allowed to evaporate spontaneously. The residue was slightly yellow and 
contained a few very small red crystals. I t  was washed with 150 cc. of water to remove 
mercuric chloride. The pale yellow residue was dried in a desiccator and crystallized 
twice from 50 cc. of absolute ethyl alcohol. The resulting p-iodonaphthalene, m. p. 
53-54", weighed 8.0 g. ,  a yield of 95%. The pure substance melts a t  54.5O. 

p-Tolylmercuric Chloride.-The mercury compound, m. p. 230-232O, was prepared 
from p-toluene sulfonyl chloride.'O The experiments with this substance are summarized 
in Table I. In each case the iodine monochloride or its solution was added to the mer- 
cury compound with efficient stirring. 

Dipheny1mercury.-This was prepared from bromobenzene and 3% sodium amal- 
garn.ll (a) In carbon tetrachloride. A solution of 32.4 g. (2 mols) of iodine mono- 
chloride in 100 cc. of carbon tetrachloride was added during four hours with stirring to a 
suspension of 35.4 g. (1 mol) of diphenylmercury in 200 cc. of the same solvent a t  room 
temperature. The m~xture was worked up in the usual way, the product being dried 

(8) Cf. Michaelis and Rabinerson, Ber., 23, 2343 (1890). 
(9) Nesmajanow, "Organic Syntheses," 1932, Vol. XI1, p. 54 

(10) Whitmore, Hamilton and Thnrman, ibid., 1923, Vol. 111, p. 99. 
(11) Calvery, ib id  , 1929, Vol IX,  p 54. 





Feb., 1933 IODINE MONOCHI,ORIDE AND O~GANOMERCURY COMPOUNDS 785 

by the addition of 60 cc. of dry benzene and then distiiig. The residue boding above 
100' was carefully fractionated with a 30 X 0.7 cm. adiabatic total condensation vari- 
able take-off columnle using a reflux ratio of 20:l. The properties of the pure sub- 
stances which might be formed are as follows: chlorobenzene, b. p. 132O, n T  1.525; 
iodobenzene, b. p. 188O, n2: 1.621. The distillation gave the following fractions (with 
b. p. a t  735 mm., wts. and n2i as given): No. 1, 100-147O, 1.7 g., 1.502; No. 2, 147- 
182O, 2.8 g., 1.544; No. 3, 182-184", 14.6 g . ,  1.617; No. 4, 184-185O, 17.2 g.; residue 
2.1 g .  Fractions 3 4  represent a 7870 yield of iodobenzene. The above experiment was 
repeated but the carbon tetrachloride solution was dried and distilled directly. The 
same yield of iodobenzene, b. p. 181-185" and n2: 1.618 was obtained. (b) In  water. 
This run was iike that of di-panisylmercury. The fractionation of the product gave 
no material boiling under 175". The yield of iodobenzene, b. p. 182-185", was 78y0. 

In order to test the efficiency of the fractionation, a mixture of 2.92 g. of chloro- 
benzene and 26.3 g. of iodobenzene was fractionated in the same way. The fractions 
(including b. p. a t  736 mm., wt., and n2:) follow: No. 1, 130-137O, 1.4 g., 1.532; No. 2, 
137-144", 0.63 g . ,  1.539; No. 3, 14&152", 0.55 g., 1.5452; No. 4, 152-162", 0.50 g., 
1.556; NO. 5, 162-173', 0.71 g. ,  1.578; No. 6, 173-183", 4.3 g., 1.609; No. 7, 183-184", 
19.1 g., 1.620; residue, 1.4 g. ; loss 0.59 g. The recovery of iodobenzene, b. p. 173-184 ", 
was 89%. 

p-Phenylethylrnercuric Chloride.-Phenylethyl chloride, b. p. 81-84" (14 mm.), 
n2: 1.5294, was prepared in 87% yield by the action of thionyl chloride on the alcohol. 
The chloride was converted to the Grignard reagent which was then refluxed with mer- 
curic chloride13 to give an 85y0 yield of the mercury compound, m. p. 163-166'. When 
this product was recrystallized from alcohol and analyzed by decomposing with sulfuric 
acid and hydrogen peroxide and precipitating mercuric sulfide in the usual way, i t  gave 
results for mercury one per cent. low. 

A solution of 35.6 g. (1 mol) of iodine monochloride in 20 cc. of carbon tetrachloride 
was added during five hours with stirring to a refluxing suspension of 75 g. (1 mol) of 
phenylmercuric chloride in 200 cc. of the same solvent. The process was interrupted 
in the middle and the mixture stood overnight a t  room temperature. The mixture was 
worked up as usual and the product was fractionated through the 30 X 0.7 cm. column 
a t  14 mm. using a 15:l reflux ratio. Six fractions were obtained amounting to 26.5 g. 
The chief fraction was No. 6, b. p. 107-115" (14 mm.), 15.5 g., nz: 1.597. Fraction 2, 
b. p. 83-85' (14 mm.), 4.7 g., n2: 1.533, contained 23.2% chlorine and Fraction 6 con- 
tained 54.5y0 iodine, indicating them to be nearly pure phenylethyl chloride and iodide, 
respectively. The yields of these two substances were about 35 and 30y0. 

Treatment of Phenylethyl Iodide with Mercuric Chloride.-A mixture of 15 g. 
(1 mol) of phenylethyl iodide and 17.5 g .  (1 mol) of mercuric chloride in 100 cc. of car- 
bon tetrachloride was refluxed with stirring for twelve hours. After standing for forty- 
eight hours a few red crystals were visible in the solid material. The mixture was 
worked up in the usual way and the product was fractionated to give 10.4 g.  of unchanged 
phenylethyl iodide, b. p. 107-111" (13 mm.), n2: 1.595. The low boiling material was 
only 0.7 g .  I ts  n2$ was 1.555. Thus no phenylethyl chloride (b. p. 80-82.5' (13 mm.), 
n2$ 1.529) had been formed. 

Treatment of Phenylethyl Iodide with Iodine Monochloride.-To 9 g. (1 mol) of 
phenylethyl iodide in a small flask was added dropwise 6.2 g. (1 mol) of iodine mono- 
chloride. The reaction was very vigorous. Free iodine separated. The mixture was 
treated with 50 cc. of a cold 50% potassium iodide solution. The oil layer gave 4.1 
g. of phenylethyl chloride, b. p. 82-84" (14 mm.), n2: 1.5295, a yield of 76%. 

(12) C'. Whitmore and Lux, THIS JOURNAL, 54, 3451 (1982). 
(13) Marvel, Gauerke and Hill, ibid., 47,3009 (1925). 



Summary 
1. The action of iodine monochloride with several organic mercury 

compounds has been studied. 
2.  The products obtained are organic iodides except when a secondary 

reaction with the iodine chloride converts the organic iodide to a chloride. 
3. The yields of organic iodides obtained are sufficiently high to justify 

the use of iodine monochloride in place of iodine in converting organic 
mercury compounds to organic iodides. 

STATE COLLEGE, PENNSYLVANIA RECEIVED AUGUST 11. 1932 
PUBLISHED FEBRUARY 9,1933 

Acetylene Polymers and their Derivatives. IV. The Addition 
of Hydrogen Bromide to Vinylacetylene, Bromoprene and 

Dibromobutene 

Observations on the combination of vinylacetylene with hydrogen chlo- 
ride1 have been extended to the analogous case of hydrogen bromide. 

The two reactants are closely similar in their behavior, but hydrogen 
bromide appears to act somewhat more slowly than hydrogen chloride. 
Concentrated aqueous hydrobromic acid containing cuprous bromide, 
when shaken with vinylacetylene a t  the ordinary temperature, yields the 
two products, bromo-2-butadiene-l,3 (bromoprene, 11) and dibromo-2,4- 
butene-2 (111). It seems likely, in view of the results already described 
for the hydrogen chloride reactionlb that the primary product of reaction 
between hydrogen bromide and vinylacetylene is bromo-4-butadiene-l,2 
(I), which then rearranges to yield bromoprene, but no decisive direct 
evidence for the formation of this primary product is yet available. Its 
presence among the reaction products has not been established-even when 
no cuprous bromide (catalyst) was used. The structure of the dihydro- 
bromide has not yet been directly established either, but formula 111, 
in view of the results with hydrogen chloride, is not open to serious doubt. 

HBr HBr 
CHeC-CH=CH? --+ CH*=C-=CH-CH2Br + CH2=C-CH=CH2 

( 1 )  ( a )  Carothers, Williams, Collins and Kirby, T H I S  JOURNAL, 63, 4203 (1931); (b) Carothers, 
Berchet and Collins. ih id . ,  64, 4066 (1932). 



The third step in this series of reactions has a relatively high velocity, 
and appreciable amounts of the dihydrobromide (111) are present in the 
reaction mixture even a t  an early stage when the major part of the vinyl- 
acetylene applied remains unchanged. In this respect also the behavior 
of hydrogen bromide appreciably differs from that of hydrogen chloride. 

Bromoprene is an oil having a faint greenish-yellow color and an odor 
rather closely resembling that of butyl bromide. It boils at  42 to 4 3 O  a t  
1% mm. The proof of its structure follows the course already indicated 
for chloroprene. It reacts with maleic anhydride to yield, after hydrolysis, 
a product whose composition agrees with that required for bromo-6- 
cyclohexene-5-dicarboxylic-2,3 acid (IV) , Bromoprene furthermore reacts 
readily with naphthoquinone. The primary product is a crystalline solid, 
which probably has the fornlula bromo-2-tetrahydro-1,4,4a,9a-anthra- 
quinone-9,10 (V). I t  is rapidly oxidized by air in alkaline solution to  P- 
bromoanthraquinone (VI) . 

c a  c a  
B ~ C N  CH-CO 

I 
CH\ 

CHz 
IV 

0 

Experimental Part 
Preparation of Bromoprene.-Fifty grams of cold vinylacetylene was placed in a 

pressure bottle containing 225 cc. of a thoroughly chilled solution prepared by dissolving 
75 g. of moist, freshly prepared cuprous bromide in 200 g. of concentrated hydrobromic 
acid (sp. gr. 1.55). The bottle was allowed to warm up to room temperature and was 
then mechanically shaken for seven hours. After standing overnight and shaking for 
another two hours the unused vinylacetylene was allowed to evaporate. The residual 
oil was separated, washed with water, dried over calcium chloride and distilled from 
hydroquinone under reduced pressure. Dry, oxygen-free nitrogen was led through the 
capillary tube during the distillation. The yield of bromoprene boiling at  4243O a t  
165 mm. was 30 g .  (24%); diO, 1.397; nZ: 1.4988; MR calcd., 27.50; MR found, 27.94. 

Anal. Calcd. for CdHbBr: C, 36.11; H, 3.78; Br, 60.15. Found: C, 36.32. 36.47; 
H, 4.13,4.21; Br, 60.91, 61.43. 

Higher yields were obtained by the use of more concentrated hydrobromic acid. 
For example, by using 2 moles of hydrobromic acid (sp. gr. 1.66) for each mole of vinyl- 
acetylene a yield of 44.8% of bromoprene was obtained. 

Dibromo-2,4-butene-2.-After the distillation of the bromoprene a considerable 
amount of higher-boiling residue remained. From this residue there was obtained 12 g. 



(6y0) of a strongly lachrymatory, light yellow oil corresponding in analysis to a dibromo- 
butene. It had the following physical constants: b. p. (760 mm.) 168 to 169" with loss 
of HBr; b. p. (23 mrn.) 73"; d iO  1.8768; n2: 1.5485; MR calcd., 35.74; MR found, 
36.25. 

Anal. Calcd for C4HsBrz: C, 22.43; H, 2.80; Br, 74.77. Found: C, 22.98, 
23.06; H, 3.05. 2.95; Br, 74.94, 75.34. 

Reaction of Bromoprene with Maleic Anhydride. Preparation of Bromo-6-cyclo- 
hexene-5-dicarboxylic-2,3 Acid.-To 5 g. (0.037 mole) of bromoprene was added 3 g 
(0.030 mole) of maleic anhydride. After the mixture had stood a t  room temperature 
for about one hour a spontaneous reaction set in and after three or four hours the mass 
solidified. The reaction product was then dissolved in benzene and shaken for twenty 
minutes with an excess of 10% sodium hydroxide. The aqueous layer was separated 
and acidified. The crude acid which separated was purified by recrystallization from 
water. It separated from water in the form of a mixture of thick plates and blunt needles 
melting sharply a t  186.5 to  187'. 

Alzal. Calcd. for CsHeOlBr: C, 38.57; H, 3.64; neutral equivalent, 124.5. Found: 
C,  38.37,38.65; H,  3.75,3.65; neutral equivalent, 125.4. 

Action of a-Naphthoquinone on Brornoprene. Conversion to P-Bromoanthraquin- 
one.-To a benzene solution of 15.4 g. (0.12 mole) of bromoprene was added 10 g 
(0.06 mole) of a-naphthoquinone. After standing a t  room temperature for two days 
the  solution was gently refluxed for one hour. The benzene was then distilled off under 
reduced pressure. The residual sticky, dark red solid was pressed on a porous tile and 
then extracted with warm alcohol. The alcohol was decanted from an insoluble tar  and, 
on cooling, 4.9 g. (49%) of unchanged naphthoquinone crystallized out. When the al- 
cohol mother liquor was diluted with water, 2.6 g. of a nearly black solid separated. 
After recrystallization from alcohol it  was obtained in the form of small, soft, nearly 
white crystals. When slowly heated on a copper block it  began to turn blue a t  about 
115" and slowly deepened in color as the temperature was raised At 138" it  melted 
sharply; as  the temperature was raised further it  volatilized completely. 

The analyses corresponded with the values calculaterl for bromo-2-tetrahydro- 
1,4,4a,8a-anthraquinone-9,10. 

Anal. Calcd. for CIdHIIO?Br: C, 57.74; H, 3.99 Found: C, 57.66, 57.65; H,  
3.89, 4.04. 

About 0.1 g. of the substance was dissolved in alcohol and a few drops of 10yo so- 
dium hydroxide solution added. The solution was dark red in color. As air was bub- 
bled through the solution, the red color gave way to green, which in turn disappeared 
leaving a yellow solid. After recrystallization from amyl alcohol the oxidation product 
melted a t  205-207 ". P-Bromoanthraquinone melts a t  207 " 

Summary 

Vinylacetylene reacts with aqueous hydrobromic acid to form bromo-2- 
butadiene-1,3 (bromoprene) and dibromo-2,4-butene-2. Bromoprene re- 
acts with maleic anhydride yielding bromo-6-cyclohexene-5-dicarboxylic- 
2,3 acid, and with naphthoquinone yielding a bromotetrahydroanthra- 
quinone which is readily oxidized to /3-bromoanthraquinone. 

WII,MINGTON, DELAWARE RECEIVED AUGUST 11, 1932 
PUBLISHED FEBRUARY 9. 1933 

( 2 )  Heller, Ber.,  45, 672 (1912) 
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Acetylene Polymers and their Derivatives. V. The 
Polymerization of Bromoprene (Third Paper on New Synthetic 

Rubbers) 
BY WALLACE H. CAROTHERS, JAMES E. KIRBY AND ARNOLD M. 

COLLINS 

Chloroprene (I, X = C!) polymerizes spontaneously to yield a rubber-like 
product,l and the speed of this transformation is roughly 700 times greater 
than the analogous transformation of isoprene. The present paper deals 
with the behavior of bromoprene2 (I, X = Br), and the results may be 
summarized in the statement that it shows no significant qualitative 
differences from chloroprene, although its speed of polymerization under 
most conditions appears to be somewhat greater. 

In connection with the behavior of these materials the following analo- 
gies are of interest. Vinyl chloride and vinyl bromide (11, X = C1 and 
Br) polymerize spontaneously yielding products of very high molecular 
 eight,^ but this behavior is not shown by propylene, which polymerizes 
only in the presence of special catalysts or under drastic conditions and 
then yields products having only moderately high molecular weights. The 
haloprenes (I) bear the same structural relationship to isoprene that  the 
vinyl halides bear to ptopylene. Thus the very powerful activating effect 
of a single halogen atom on ethylene is also manifested in butadiene 
(when the halogen atom is on the @-carbon). The rate of polymerization 
is of great importance in studying the behavior of dienes since a high rate 
not only makes it possible to obtain experimental results in a reasonable 
length of time, but it permits one to extend the observations over a wide 
range of conditions. It becomes possible then to recognize the different 
types of reactions involved in the spontaneous polymerization and to obtain 
data on the way in which these different types of reactions are affected by 
changes in the conditions. Data of this ty'pe on chloroprene have already 
been presented, and it will be useful to review them briefly (with some 
extensions) and to make comparisons with those now available for bromo- 
prene and for other dienes. 

The, polymerization of chloroprene leads to the four well defined and 
qualitatively. distinct types of polymers shown in the chart. 

(1) CaratIierS, Williams, Collins and Kirby, THIS JOURNAL, 53, 4203 (1931). 
(2) Carothers. Collins and kirby, ibzd , 55, 786 (1933). 
(3) Staudinger, Brunner, and Feisst, Helo. Chim Acta, 13, 805 (1930). 



Volatile (8 )  polymer + monoprene -+ plastic (a) polymer 

J J 
granular (a) polymer non-plastic polymer 

The influence of various conditions on each of these reactions is indicated 
in Table I. 

TABLE I 

INFLUENCE OF CONDITIONS ON THE POLYMERIZATION OF CHLOROPRENE 

Monoprene to Monoprene to a-Polyprene to Monoprene to 
Condition @-polymer or-polyprene p-polyprene w-polyprene 

Temperature ++i- f f Autocatalytic, ini- 
Pressure + ++ +? tiated by strong 
Light 0 ++ 02 ultraviolet light 
Oxygen 0 +f+ ++? and by metal 
Antioxidants 0 --- i a surfaces 

" Certain substances commonly classified as antioxidants (e. g., phenyl-8-naphthyl- 
anline) act as inhibitors; others ( e .  g., benzidine) act as accelerators: + accelerates, 0 no 
effect. - inhibits. 

Of these different types of polymers the most important are the a- and 
the p-polyprenes since the former corresponds to unvulcanized rubber 

Fig. 1.-x-Kay diffraction pattern 
of ppolybromoprene (from latex) 
stretched 500%. 

formation of the a-polyprene than 
p-polyprene. 

and the latter corresponds to vulcan- 
ized rubber. 

The p-polyprene is the final product 
of the spontaneous polymerization of 
chloroprene ; the a-polyprene is an 
intermediate step in the formation of 
the p-product. Isolation of the a- 
polymer free of p-polymer is possible 
only when the reaction is conducted 
under certain conditions : the tempera- 
ture must not be too high, since ele- 
vated temperature accelerates t h e  
transformation of a-polymer to P-poly- 
mer more than it accelerates the forma- 
tion of a-polymer from monomer; the 
reaction must not be too slow, since 
most inhibit ing influences have a 
greater decelerating effect on the forma- 
tion of the a- than on the p-product; 
moreover, very slow reaction frequently 
leads to the formation of the w-polymer. 
Light and pressure both appear to have 
a greater accelerating effect on the 
on the transformation of this into the 
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The p-polymer, a terpene-like material, is an undesirable by-product 
in the rubber synthesis. In the chloroprene polymerization the production 
of p-polymer becomes appreciable only at temperatures higher than are 
necessary to bring about a rapid formation of a-polyprene. Butadiene, 
isoprene and dimethylbutadiene polymerize very slowly; to get the 
transformation to proceed at  a reasonable rate, elevated temperatures are 
generally used, and this results in the formation of relatively large amounts 
of P-polymer. 

The w-polychIoroprene is also a useless product; it is made up of dis- 
crete rubber-like particles (irregular globules) which are non-plastic and 
not even swelled by rubber solvents. The formation of this polymer is 
autocatalytic. When a speck of the w-polymer appears (or is introduced) 
in a specimen of incompletely polymerized chloroprene, the entire speci- 
men is soon more or less completely converted into the w-polymer. The 
formation of nuclei of the w-polyprene is favored by strong ultraviolet 
light and by metal surfaces (e. g. ,  sodium, potassium, mercury, iron, copper 
and aluminum). The opportunities for the formation of such nuclei are 
also increased by a long reaction time under any particular set of conditions. 
Similar polymers, frequently described as cauliflower-like masses, have 
been obtained from isoprene, butadiene and dimethylbutadiene, and one 
suspects that they may be the forms in which the polymers of these dienes 
are most frequently obtained. The very slow rate of the polymerization of 
these dienes would be especially favorable to the formation of o-polymer. 

The term rubber-like is vaguely used to cover a multitude of the most 
diverse properties, and the literature of synthetic rubber is exceedingly 
obscure. Most of the agencies that are available to hasten the very slow 
polymerization of isoprene and butadiene are such as have been found 
in the case of chloroprene to affect more strongly the conversion of the 
a- into the p-polymer than the formation of the a-polymer. One may 
expect therefore that the isolation of a true a-polyprene4 from the isoprene 
and butadiene products will present especial difficulties. So far as we are 
aware no clear disclosure has ever been made of an a-polyprene from iso- 
prene or from butadiene. However, when isoprene is subjected to a pres- 
sure of 12,000 atmospheres until 30-% of the isoprene has polymerized, 
the polymer is a t  least 90% soluble in ether.5 If the reaction is allowed to 
proceed further until 80% of the isoprene has polymerized, the product is 
completely i n s o l ~ b l e . ~ ~ ~  Thus the formation of a completely vulcanized 

(4) With the aid of swelling agents, softeners, and lubricants it is possible t o  confer a certain 
amount of plasticity on p-polychloroprene. It is also possible to obtain from chloroprene plastic poly- 
mers that, on being heated, lose their plastic properties very incompletely or not at  all. The material 
that we refer to as a-polychloroprene is an inherently plastic, polyrnerizabIe polymer; its plastic proper- 
ties are completely lost and its elastic properties become fully developed when it stands or is heated 

(5)  Conant and Tongberg, Tars JOURNAL, 63, 1667 (1930). 
(6) According to observationq made by Dr. H. W. Starkweather in thi? I,ahoratory, isoprene 

polymers prepared in this manner are also completely non-plastic. 



rubber-like product without the aid of sulfur is by no means peculiar to 
chloroprene. In fact the differences between the behavior of chloroprene 
and the behavior of other dienes appear to be differences of degree rather 
than differences of kind. 

The Spontaneous Polymerization of Bromoprene.-A sample of bromo- 
prene when allowed to stand at  the ordinary laboratory conditions in a 
stoppered flask containing a small amount of air becomes noticeably more 
viscous after twelve to fifteen hours. As the reaction proceeds, the vis- 
cosity increases; after about five days the sample sets to a stiff, elastic jelly 
containing a considerable amount of unchanged bromoprene. Usually 
after eight t o  ten days all of the bromoprene has reacted, but the time 
required varies considerably in different experiments. The product has a 
density of about 1.74, and this is 2470 greater than the density of the 
bromoprene. (The increase in density in the formation of p-polychloro- 
prene is about 28%.) 

This product, p-polybromoprene, corresponds in its properties with the 
p-polychloroprene already described. I t  is tough, resilient, and elastic 
but harder than the analogous product from chloroprene. On standing it 
gradually undergoes further change: i t  becomes still harder and less ex- 
tensible and the resemblance to soft vulcanized rubber pretty largely dis- 
appears although it still remains very tough and retains considerable 
elasticity and resiliency. These changes in the nature of the product are 
due, at  least in part, to a progressive action of air and they can be retarded 
by the application of antioxidants to the surface of the sample. p-Poly- 
bromoprene is similar to p-polychloroprene in its behavior toward solvents. 
I t  is greatly swelled by chloroform, carbon tetrachloride and aromatic 
hydrocarbons but remains practically unchanged after prolonged immer- 
sion in alcohol, ether, or aliphatic hydrocarbons such as gasoline. 

a-P01ybromoprene.-The preparation of an a-polybromoprene (plastic 
polymer) presents no difficulties. A sample of bromoprene was exposed to 
light from a Cooper-Hewitt lamp a t  25O. After twenty-four hours 50% 
of the material had been converted into polymer. (This rate is about 
4070 greater than that usually obtained with chloroprene under the same 
conditions.) The product was an exceedingly viscous, yellow sirup. 
When i t  was mixed with a large volume of alcohol the a-polybromoprene 
was precipitated as a soft, plastic mass. This product showed no tendency 
to resist permanent deformation and sheeted out very readily on cold rolls. 
Two per cent. of phenyl-P-naphthylamine was worked into the plastic 
mass to prevent spontaneous conversion into an elastic polymer,' The 
sample was compounded with about 5% of its weight of zinc oxide and 
heated in a mold at  120 to 125' for twenty minutes. The product was 
non-plastic, strong, resilient and extensible (500 to 700%). However, 

(7) Ref. 1, p. 4219. 



compared wit11 a similar product from chloroprene it was somewhat lacking 
in snap, and its permanent set was rather high. It also showed a greater 
tendency to "freeze." After about two hours a t  ordinary temperatures i t  
became very stiff, but the original pliability was restored when i t  was 
heated to SO0 for a few minutes. 

The Polymerization of Bromoprene in Aqueous Emulsion.--Like 
chbroprene, bromoprene is readily dispersed in water and the  resulting 
smooth emulsion polymerizes with great rapidity to form a stable latex. 
The pparatioil  and poly~iierization of such an emulsiof~ is illustrated in 
the following example. 

Twenty-five cubic centimeters of 2% aqueous sodium oleate in a wide-mouthed 
bottle was surrounded by a bath of ice and water. Two drops of triethanolamine was 
added to the solution, and then, with vigorous stirring, 25 g. of bromoprene. A smooth, 
milk-like emulsion resulted. After the mixture had stood in the ice-bath for five hours 
an aliquot portion was removed and poured into a large volume of alcohol. The weight 
of the precipitate thus obtained indicated that 78% of the bromoprene had polymerized. 
Under the same conditions chloroprene is only about 20-30% polymerized. The bromo- 
prene emulsion described above was transferred to a refrigerator. After seventeen hours, 
more than 95% of the bromoprene had polymerized. Five cubic centimeters of 3% 
ammonium hydroxide was added to stabilize the emulsion and a small amount of an 
aqueous dispersion of phenyl-S-naphthylamine (2% on the rubber content) added to 
function as an antioxidant. The resulting latex was very stable. 

As in the case of polychloroprene, the dispersed particles in the synthetic 
latex derived from bromoprene correspond more closely to the p- than to 
the a-polymer. Nevertheless, when the latex is coagulated by the addi- 
tion of acids, the particles coalesce and cohere very firmly. The coagulum 
is a t  first soft and plastic, but i t  quickly becomes tough, elastic and non- 
plastic. Homogeneous, coherent films are obtained by allowing the water 
to evaporate from a thin layer of the fluid latex on a plate of porous por- 
celain. The films are readily stripped from the plate and the removal 
of the water can be completed by drying them for a few hours in an oven 
a t  80°. Such films are exceedingly tough and more resistant t o  tearing 
than analogous films prepared from chloroprene latices. A typical speci- 
men had a breaking strength of 160 kg./sq. cm. and an elongation a t  break 
of 740%. (The elongation of similar polychloroprene films is usually 
about goo%.) The films exhibited the high permanent set and the ten- 
dency to freeze or stiffen already referred to in connection with the vul- 
canized a-polybromoprene. Like the latter, they were non-plastic and 
did not dissolve but merely swelled in chloroform and benzene. 

P-Po1ybromoprene.-The conversion of bromoprene into a volatile 
liquid polymer (P-polybromoprene) occurs under conditions similar to 
those already described for ~hloroprene.~ A sample of bromoprene con- 
taining about 5% of thiodiphenylamine, a substance which powerfully 
inhibits the conversion of the haloprenes to rubber-like' polymers, was 

(8) Ref. 1, p. 4211 



heated in a sealed tube at  80' for five days. When the resulting black 
oil was poured into alcohol a small amount of a black tar separated. From 
the alcohol there was obtained by distillation a small amount (about 15%) 
of a yellow oil boiling at  104 to 110' a t  11 mm. It had a fragrant, ter- 
pene-like odor very similar to that of &polychloroprene and was a mild 
lachrymator. It showed no tendency to polymerize further. 

w-Po1ybromoprene.-The formation of w-polybromoprene, like the 
formation of w-polychloroprene, occurs under conditions which result in 
very slow polymerization. For example, samples of bromoprene con- 
taining 0.2% of phenyl-/?-naphthylamine or 0.5% of tetramethylthiuram 
disulfide and 0.3% of sulfur slowly became more viscous and, after two to 
six weeks, a white deposit having a crystalline appearance began to form. 
After formation of this substance had started, conversion of the whole 
mass was complete in a few days. The product turned dark brown in 
color on standing in air. w-Polybromoprene is soft, opaque and non- 
coherent, while w-polychloroprene is a mass of glistening, hard, rubbery 
granules. Like w-polychloroprene, i t  is not swelled by benzene. 

The Structure of Po1ybromoprene.-Evidence has already been pre- 
sented for concluding that a-polychloroprene is precisely analogous to 
natural rubber in its chemical structure. The analogies between poly- 
chloroprene and polybromoprene are sufficiently close to justify the as- 
sumption of a similar structure (111) for the latter compound. The x-ray 
evidence is especially interesting. The fact that p-polychloroprene when 
stretched furnishes a fiber diffraction pattern has already been disc1osed.I 
Polybromoprene shows a similar behavior, but it furnishes an even sharper 
pattern (Fig. So far as we are aware, i t  has not been possible to ob- 
tain fiber diagrams from any other synthetic rubbers, and this fact per- 
haps justifies the conclusion that polychloroprene and polybromoprene 
are more regular in their molecular structure than any other known syn- 
thetic rubbers. 

I 
Br 

I 
Br 

I 
Br 

Summary 

The polyrnerization of bromoprene is closely analogous to that of chloro- 
prene, but somewhat more rapid. Spontaneous polymerization yields as 
the final product p-polybromoprene, which resembles vulcanized rubber 
but is more dense than rubber or p-polychloroprene. A plastic (a )  poly- 
bromoprene is readily isolated from partially polymerized bromoprene, 
and it is converted to the p-product by the action of heat. At elevated 
temperatures in the presence of inhibitors a volatile liquid (8) polymer is 

(9) The x-ray data will be discussed in more detail in a future paper by Dr. A. W. Kenney 



formed. w-Polybromoprene, a granular, insoluble, rubber-like mass, is 
produced under conditions that lead to very slow polymerization. 

WILMINGTON, DELAWARE RECEIVED AUGUST 11. 1932 
PUBLISHED FEBRUARY 9, 1933 

[CONTRIRCT~ION FROM THE CONVERSE MEMORIA?, LABORATORY OF HARVARD UNIVERSITY ] 

Studies in the Chlorophyll Series. IX. Transformations 
Establishing the Nature of the Nucleus 

In previous papers of this series, the view has been put forward that the 
fundamental nucleus of chlorophyll a and the related phaeophorbides and 
chlorins is a reduced porphyrin ring. Such a formulation was largely based 
on spectroscopic data obtained at low  temperature^.^ We have now been 
able to obtain very convincing evidence of the correctness of this hypothesis 
by showing that a typical chlorin (chlorin f) can he oxidized to a porphyrin. 

The dehydrogenation of chlorin f can be brought about either by the 
action of potassium ferricyanide on an alkaline solution at room tempera- 
ture (the reaction is very rapid) or by the action of air on a hot alkaline 
solution of the complex metal saIts of the chlorin. The latter method of 
converting chlorins to porphyrins has been used by Fischer in reoxidizing 
the "synthetic chlorins" prepared by reduction of the porphyrin~.~ It is 
clear that chlorin f is entirely analogous and is a reduced porphyrin. Since 
in chlorin f the side chain attached to the bridge has been removed, the 
failure of chlorin e to be so readily oxidized to a porphyrin can be attributed 
to the presence of the other functional groups. The number of hydrogen 
atoms present in chlorin f in excess of a porphyrin can be taken quite 
definitely as two, since one or three is excluded by valency considerations 
and four seems excluded by the analyses of chlorin f and its ester. The 
found and calculated percentages of hydrogen in the dimethyl ester and the 
free chlorin are as follows (paper IV): ester, found 7.05, 6.9, calcd. dihydro 
7.04, tetrahydro 7.37; free chlorin, found 6.3, 6.6, calcd. dihydro 6.67, 
tetrahydro 7.02. 

Chlorin f is a dibasic acid containing no group on a bridge atom, since 
it is readily converted to rhodoporphyrin by reduction with hydrogen iodide 
and reoxidation. However, the porphyrin which is formed from it by 
direct dehydrogenation is not rhodoporphyrin but an isomeric porphyrin 
which we shall designate as isorhodoporphyrin. It is identical with the 

(1) Conant and Kamerling, THIS JOURNAL, 63, 3522 (1931). Since the publication of this paper, 
the measurements of Kistiakowsky and Arnold there referred to have been published [ibid., 64, 1713 
(1933) 1. A comparison of the ultraviolet absorption spectra at low temperature of benzene and cyclo- 
hexadieoe (Fig. 2, K. and A.) with the absorption spectra of aetioporphyrin and chlorin e (Figs. 1 and 
3, C. and K.) also at low temperature shows in a very striking way the resemblance of the porphyrin- 
chlorin relationship to that of benzene vs. cyclohexadiene. 

(2) Fischer and Helberger, Ann., 471, 285 (1929). 



porphyrin described in paper IV which was obtained as by-product in the 
pyrolysis of phaeopurpurin 7 and whose isomerism with rhodoporphyrin 
we commented on a t  that time. Subsequently the same substance was 
isolated by Fischer3 by boiling dimethylphaeopurpurin 7 with pyridine; 
one would be inclined to assume that it was identical with verdoporphyrin 
except that Fischer explicitly states that i t  is not and calls i t  pseudoverdo- 
porphyrin. We have never been able to prepare verdoporphyrin in this 
Laboratory and therefore could not make a direct comparison. 

Isorhodoporphyrin can be converted into rhodoporphyrin by reduction. 
with hydrogen iodide and reoxidation of the resulting leuco compound 
with air. It can also be transformed into rhodoporphyrin by the action of 
strong alkali at  185-190'. The cause of the isomerism between isorhodo- 
porphyrin and rhodoporphyrin is a matter of great interest and is clearly 
of the utmost importance to the chemistry of chlorophyll a since the 
fundamental nucleus of this compound is a dihydroisorhodoporphyrin. 
It seems probable that the isomerism may be due to a difference in the 
position of the two hydrogen atoms attached to the nitrogen atoms of the 
pyrrole nuclei in the porphyrin. If such isomers are capable of inde- 
pendent existence, a number are possible for an unsymmetrical porphyrin 
like rhodoporphyrin. However, one would expect that such isomers 
would yield the same complex metallic salt with a given metal-zinc for 
example. Isorhodoporphyrin and rhodoporphyrin, however, both form 
individual metallic complex salts with zinc from which each is regenerated 
without any evidence of interconversion. If the two zinc salts of these 
porphyrins are to be formulated as complex salts with all four nitrogen 
atoms involved, they are electronic isomers, which seems unlikely. Similar 
unexplained porphyrin isomers have appeared elsewhere in the degrada- 
tions of chlorophyll a and in each case reduction with hydrogen iodide and 
reoxidation causes a conversion to the porphyrin of known structure. 
Pyrochlorin e porphyrin (pyrochloroporphyrin) for example4 is isomeric 
with phylloporphyrin and by the decarboxylation of isorhodoporphyrin 
we have obtained small quantities of what appears to be an isopyrropor- 
phyrin. We hope that experiments which are in progress in this Labora- 
tory on the alkylation of porphyrins may throw light on this peculiar 
isomerism. 

The establishment of the fact that chlorin f is a dihydroporphyrin can be 
used to settle the question of the state of oxidation of phaeophorbide a. 
If we let the entire porphyrin molecuIe be represented by the symbol P, 
then chlorin f is PHz and the unstable chlorin (or the isomeric phaeo- 
purpurin) from which it is formed by loss of carbon monoxide and carbon 
dioxide must be PHzCz03. These compounds contain two hydrogen 
atoms less than the phaeophorbides or the tribasic acid, chlorin e, which is, 

(3) Fischer, Ann , 490, 87 (1931). 
(4) Conant and Hyde, THIS JOURNAL, 51, 3674 (1929); 53, 367 (1931) 
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therefore, PH4()203 = C34H38N40~ which corresponds to our previous 
formula (see I. below). Free phaeophorbide corresponds in composition to 
a monomethyl chlorin e minus water, and is, therefore, CEEH~~N~O~.*"  Its 
transformation to isorhodoporphyrin is given by the following reactions in 
each of which there can be no doubt of the stoichiometric relations of 
factors and products. 

C S ~ H ~ . X N ~ O ~  - 2H -+ C ~ S H ~ G N ~ O ~  
dehydrogenation 

Phaeophorbide a 
(monobasic acid) 

+ Ha0 
chlorin e - 2H 

< CazHs~N404 + H2Cz04 
CI~H~~NIOI  dehydrogenation chlorln f oxalic acid 

isorhodoporphyrin in alkaline solution 

The nucleus of tFe phaeophorbides and chlorophyll a is  thus a dihydroporphyrin 
ring. Chlorin e is a dihydroisorhodoporphyrin with the lactic acid residue 
on one of the bridge carbon atoms; in our opinion it is still an open question 
as to the nature of the ring which is present in the phaeophorbides (and the 
chlorophyllides) and which opens on hydrolysis to yield chlorin e .  We 
shall deal further with this problem in later papers. 

The most satisfactory evidence for the presence of the lactic acid residue 
in chlorin e is its oxidation by molybdicyanide, yielding carbon d i ~ x i d e . ~  

\HC-CHO I 
W H 

(not isolated) 

,o 

CH - HI followed by 

H 0 2  

I 
chloroporphyrin e, . chlorin k 

(4a) Since this paper was submitted for publication we have become convinced that the analyses 
of the purest samples of phaeophorbide a correspond to CasHasNdOs as given by Willstater. Stoll 
[Die Naturwissenschaften, 628 (1932)l and Fischer [Ann..  499, 84 (1932)l have arrived a t  the same 
conclusion. The implications of this fact are discussed in two papers which are being submitted for 
publication 

(5) Conant, Dietz, Bailey and Kamerling, ibid., 63,2392 (1931). 



The resulting chlorin, chlorin k, is a monobasic acid yielding a mono ester 
whose analysis corresponds to the formula indicated below. On reduction 
with hydrogen iodide and reoxidation with air i t  is converted into a dibasic 
porphyrin which was prepared some time ago by Fischer and named by 
him chloroporphyrin e4. 

Its structure has been established by Fischer as a methylrhodoporphyrin. 
A similar transformation in the b series is the oxidation of rhodin k to rhodin 
n; it would be represented by the same series of reactions except that the 
group CO replaces CH2 in the porphyrin (shown to the left in each formula). 
Rhodin n forms a monosemirarbazone, chlorin k forms no semicarbazone; 
this shows that in each case the aldehyde group formed by the oxidation of 
the hydroxy acid has been masked by lactone formation. The transforma- 
tion of rhodill n to a porphyrin has not yet been studied. 

Experimental Part 

Isorhodoporphyrin from Chlorin f.-A solution of 150 mg. of chlorin f (0.28 milli- 
mole) in 75 cc. of 0.1 N potassium hydroxide was mixed with 30 cc. of 9.03 M potassiunl 
ferricyanide (0.9 millimole). After two minutes the solution was acidified and the or- 
ganic material transferred to ether. A great deal of insoluble "scum" was formed 
which carried some porphyrin. The scum was therefore dissolved in pyridine and the 
lnixture diluted with ether to recover more porphyrin. Acid fractionation of the ether- 
eal solution showed that isorhodoporphyrin is the sole soluble product; i t  was removed 
with 6-9yo hydrochloric acid and retransferred to ether in the usual manner. The yield 
of crystalline porphyrin was 25-35 milligrams. Experiments in which the amount of 
ferricyanide or the time of reaction was varied did not increase the yield. The use of 
less than three equivalents of reagent left some chlorin unattacked. 

A solution of 100 mg. of chlorin f in 100 cc. of 10% sodium hydroxide was treated 
with about 300 mg. of a mixture of magnesium oxide and zinc oxide and boiled for three 
hours in a current of oxygen. The product worked up in the usual manner after de- 
composing the complex salts with strong acid yielded 11 mg. of crystalline isorhodopor- 
phyrin; there was no other colored ether-soluble product. The acid number of the por- 
phyrin is 6. Color in acid: violet, with a red fluorescence. Spectrum in ether: (1 mg 
in 1 cc. of pyridine and 29 cc. of ether, observed through a thickness of 50 mm.) I 
645.1-640.8; 11, 594.1---586.0-5g3.7---578.8-575.0; 111, 558.6-539.5--536.9; I\', 
519.8---517.1-502.9---498.2. E. A. 447.3. Order: 111, IV, 11, I.  Spectrum in 9% 
hydrochloric acid: I, 664 5-654 4; 11, 622.4---598.0; 111, 585.8---575.5-540.9; IY,  
528.5-520.4. E. A. 447.0. Order: 11,111, I, IV. 

Anal. Calcd. for C32Ha404N4: C, 71.38; H, 6.32; N, 10 41. Found: C, 70 96. 
71.17; H, 6.24,6.51; N, 10.0,9.8; OCHa, 0. 

Isorhodoporphyrin Dimethyl Ester.-This ester was prepared by the action of 
diazomethane on isorhodoporphyrin. The spectra in acid and ether were identical 
with those of the free porphyrin. Melting point (block) 264" (softens 261°); mixed 
melting point with ester from dimethylphaeopurpnrin 7 by Fischer's procedure 260- 
261 O ;  melting point of Fischer's porphyrin 260 "; acid number, 9. 

Anal. Calcd. for C34Ha804N4: C, 72.08; H, 6.71; N, 9.89; OCH3. 10 95. Found. 
C, 72.08, 72.09; H, 6.92, 7.20; N, 9.70,9.68; OCHa, 10.34, 10.15. 

The monomethyl ester of isorhodoporphyrin was described in paper IV, p. 370 (in- 
cluding analysis). 



Transformations of 1sorhodoporphyrin.-A solution of 25 mg. of isorhodoporphyrin 
in boiling anthracene was heated for three minutes. On fractionation there was obtained 
pyrroporphyrin (identified by acid number and by comparison of acid and ether spectra 
with a known sample), and a porphyrin extracted by 4 amd 6% acid. This was neither 
pyrroporphyrin nor unchanged isorhodoporphyrin. I t  will be investigated later. 

A solution of 10 mg. of isorhodoporphyrin in 10 cc. of acetic acid was reduced on a 
steam-bath for two and a half minutes with 2 cc. of hydrogen iodide (450/0), and worked 
tip in the usual way. About one-quarter of the material had been transformed into 
rhodoporphyrin There was also considerable unchanged isorhodoporphyrin, which 
011 another reduction gave a further quantity of rhodoporphyrin. 

A solution of 15 mg. of isorhodoporphyrin dimethyl ester in 1 cc. of pyridine was 
tnixed with 50 mg. of mixed zinc and magnesium oxides and 5 cc. of 25% methyl alcoholic 
potash. The whole was heated in a bomb tube filled with nitrogen for seven hours a t  
185-190". On treatment with acid to destroy the trietallic complexes and acid frac- 
tionation in the usual way, rhodoporphyrin and pyrroporphyrin were obtained, repre- 
senting about one-third of the material, the rest being unchanged isorhodoporphyrin 
The identScation of rhodoporphyrin and pyrroporphyrin was by acid number and spec- 
trum. Similar experiments a t  120-140' for five hours gave only a trace of conversion. 

Chloroporphyrin e4 from ChIorin k.-The yield of chlorin k from chlorin e was in- 
creased from that reported in paper IV to 37% when 2 g. of chlorin e was oxidized a t  
once. A sample of chlorin k (150 mg.) was dissolved in 125 cc. of glacial acetic acid; 
15 cc. of hydriodic acid (sp. gr. 1.45) was added and the mixture heated on the steam- 
bath for two and a half hours. The reaction mixture transferred to ether was washed 
with dilute ammonia until the acid had been removed and was allowed to stand for 
about two hours in contact with a slightly ammoniacal aqueous solution (to complete 
the reoxidation of the leuco compound). The material was then acid-fractionated in 
the usual manner. Chloroporphyrin e4 was extracted with 1% acid; from 500 mg. of 
chlorin k, 63 mg. of crystalline material was obtained. I t  was identified by conversion 
to the dimethyl ester with diazomethane and a comparison of this with a sample pre- 
pared by Fischer's procedure. Analysis, spectrum, acid number and melting point 
were identical (250-252"). A mixed melting point showed no depression. 

In addition to chloroporphyrin e4, there was obtained another porphyrin or mixture 
of porphyrins which was extracted with 4% acid. About 36 mg. of this material was 
obtained from 500 mg. of chlorin k. On treatment with diazomethane in ether solution 
it became alkali insoluble. The methoxyl determination indicated only about a group 
and a half. Color in acid: blue-green. Spectrum in ether of mixed porphyrins: 
(chloroporphyrin e4) I, 635.5-631.4; 11, 590.0---579.9-575.6; 111, 557.4-545.0--- 
541.1; IV, 523.4---518.8-502.9---500.0. E.A. 439.5. Order: 111, IV, 11, I. Spec- 
trum in 7% hydrochloric acid: I, 626.4---621.6-615.1---605.9-600.5; 11, 582.8--- 
578.4-550.0--545.6. E.A.442.7. Order: 11.1. 

Rhodin n.-The oxidation of rhodin g to yield rhodin n was carried out in exactly 
the same manner as the oxidation of chlorin e. 

An oxidizing solution was prepared by dissolving 1.66 g. of potassium molybdo 
cyanide in 100 cc. of water and 10 cc. of glacial acetic acid, oxidizing with potassium 
permanganate, pouring into a mixture of 500 cc. of acetone and 67 cc. of pyridine, 
making up to 750 cc. with water, and filtering; 500 mg. of rhodin g was added, and after 
allowing five hours for the reaction, the mixture was poured into 6 liters of ether, washed, 
and fractionated. Extraction with 12-16% acids removed impure material, which was 
discarded, while rhodin n was extracted by 18 and 20% acid. The material was refrac- 
tionated to remove small amounts of impurities: yield, 89 mg.; acid number, 17. Spec- 
tra reported in paper VIII, p. 4443. 

Anal. Calcd. for C8aHszOaNd: C, 70.21; H, 5.67; N, 9.93. Calcd. for C,WHS~O~N~:  



C, 68.04; H,5.84; N, 9.62. Found: C, 67.60. 68.44, 68.09; H, 5.50, 6.58, 6.09; N, 
9.90, 9.80; OCHI, 0.58, 1.0. 

Rhodin n Monomethyl Ester.-This compound was prepared by thc action of 
diazomethane on rhodin n; spectra the same as rhodin n.  The melting point is in- 
definite; it sinters a t  140-150'. 

Anal. Calcd. for C04H340sNn: C, 70.59; H, 5.88; N, 9.69; OCHs, 5.36. Found: 
C, 69.04, 68.36, 68.85; H, 6.68,6.11,6.28; N, 8.77,8.94; OCH3,5.20, 5.94. 

Semicarbazone of Rhodin n Monomethyl Ester.-Sixty mg. of the ester and 250 
mg. each of sodium carbonate and semicarbazide hydrochloride were mixed in 20 cc. 
of pyridine, and allowed to stand a t  room temperature for forty-five minutes. After 
two minutes the wine-red color changed to olive-green and the spectrum bands spread 
apart. The mixture was put into 2 liters of ether and washed well with cold water and 
cold 1% hydrochloric acid. The ether solution was greenish-yellow. The semicarba- 
zone was rather insoluble and tended to form a scum; this was recovered and added to 
the main lot; yield, 25 mg.; acid number, 11; acid color, green. Spectrum in ether: 
I, 681.1-647.1; 11, 613.0-601.6; 111, 530.1---526.0--498.4. E.A.451.2. Order: 
I ,  111, 11. Spectrum in 14% hydrochloric acid: I, 673.9---667.9-643.9---634.9; 11, 
543.2-529.2. E. A. 459.5 Order: I, 11. 

Anal. Calcd. for C36H3i0sNi: C, 66.14; H. 5.82; N, 15.43; OCH3, 4.88. Found: 
C, 65.13,65.75; H, 6.33,6.17; N, 13.79, 13 86; QCH3,5.00,4.66. 

Warming with 18% hydrochloric acid on the steam-bath for less than a minute was 
enough to regenerate rhodin n. 

Attempt to Prepare a Semicarbazone of Chlorin k Ester.-One hundred mg. of 
chlorin k ester and 0.4 g. each of sodium carbonate and semicarbazide hydrochloride 
were added to 40 cc. of pyridine, and the mixture was refluxed for an hour. The mix- 
ture was poured into 2 liters of ether and washed well with cold 2% hydrochloric acid 
and cold water. There was no color or spectrum change. Analysis of the product 
proved that it was unchanged chlorin k. 

Summary 

1. A simple chlorin (chlorin f) obtained by degradation of chlorophyll a 
can be dehydrogenated to a porphyrin having the same carbon skeleton. 
This fact affords further evidence that the fundamental nucleus of the 
chlorophyll a molecule is a dihydroporphyrin ring. 

2 .  Chlorin k, obtained from chlorin e by oxidative degradation, has 
been transformed into chloroporphyrin er. Rhodin g has been oxidized to 
rhodin n which contains a carbonyl group as do the other members of the 
b series. 

CAMBRIDGE, MASSACHUSETTS RECEIVED AUGUST 12, 1932 
PUBLISHED FEBRUARY 9, 1933 
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[CONTRIBUTION PROM THE CHEMICAL LABORATORY OF PURDUE UNIVERSITY ] 

Organic Compounds of Selenium. 111. The Action of 
Selenium Oxychloride upon Esters of Salicylic Acid1 

The first paper2 of this series discussed the action of selenium oxychloride 
upon ketones and the second paper3 dealt with the action of selenium oxy- 
chloride upon ethers. In this investigation selenium oxychloride has been 
allowed to act upon methyl, ethyl, propyl, isopropy!, butyl, m y !  and 
phenyl salicylates. The reaction takes place according to the equation 

OH 

+ SeOCIz + ozq + H-0 

Their structure will be discussed in a later paper. 

The resulting dialkyl5,5'-seleno-disalicylate Se-dichlorides are converted 
to the dialkyl 5,5'-seleno-disalicylates by reduction with zinc 

RzSeCl~ + Zn + RzSe + ZnClz 

The dialkyl 5,5'-seleno-disalicylate Se-dihydroxides have been prepared 
by treating the respective dichloro derivatives with sodium bicarbonate in 
aqueous solution 

RzSeClz + 2HOH --+ RzSe(0H)Z + 2HC1 

The dialkyl 5,5'-seleno-disalicylate Se-dibromides and the corresponding 
iodo derivatives were prepared by the addition of bromine or iodine to 
seleno-salicylate derivatives in chl~roform.~ 

The dichlorides, diiodides and disalicylates were yellow, the dibromides 
orange-red and the dihydroxides were white. 

Experimental 

The selenium oxychloride for these experiments was obtained from the J. T. Baker 
Company and used without further purification. The methyl salicylate and phenyl 
salicylate (salol) were obtained from the Mallinckrodt Chemical Works. The other 
esters were prepared in this Laboratory by the usual methods of synthesis. 

The products were identified by analysis for selenium and halogen. Analysis for 
selenium5 was carried out by fusion with sodiuni peroxide in a Parr bomb. The fused 

(1) R. R. LaMotte prepared a number of these compounds in this Laboratory but the work was 
not published. 

(2) Nelson and Jones, THIS JOURNAL, 52, 1588 (1930). 
(3) Alquist and Nelson, ibid., 53, 4033 (1931). 
(4) Kunckell prepared the iodo derivative by treating the dichloro derivative of a similar com- 

pound with potassium iodide in alcoholic solution [Kunckell, Ber., 28, 609 (1895)] The reaction was 
tried in this Laboratory but good results were not obtained. Some of the iodo derivative was formed 
but the major portion was reduced to  the selenodisalicylate and free iodine was formed. This effect 
was greatly increased by the presence of small amounts of water 

(5) Shaw and Reid, THIS JOURNAL, 49, 2330 (1927). 



mass was dissolved, acidified with hydrochloric acid and the selenium precipitated by 
addition of sulfur dioxide. Analysis for halogen was carried out in a similar way, ex- 
cept that nitric acid was used for acidifying and silver halide was precipitated by addi- 
tion of silver nitrate. In some cases the Volhard volumetric method was used. 

The melting points of these compounds are rather difficult to obtain, due to de- 
composition. The melting points were taken by raising the temperature rapidly until 
the compound melted. A second sample was then placed in the bath and heated slowly 
until it  melted 

The preparation of the methyl salicylate derivatives, which is typical of all the 
preparations, was as follows. 

Dimethyl 5,s'-Seleno-disalicylate Se-dihalide.Seventy-five grams of methyl 
salicylate was treated with an equivalent amount of the selenium oxychloride, plus a 
10% excess (45 g.). The two were shaken together and warmed only enough to start the 
reaction. The solution darkens and some hydrogen chloride is evolved. On cooling 
the mass solidifies. This is broken up, washed several times with ether and recrystal- 
lized from benzene. I t  is soluble in alcohol, ether and glacial acetic acid and is slightly 
soluble in benzene. T i e  solubiiity in benzene increases with the higher homologs. 

TABLE I 

YIELDS, PHYSICAL CONSTANTS AND ANALYSES OF DIALKYL 5,5'-SELENO-DISALICYLATE 
AND DERIVATIVES 

Analytical data, % 
Acidic Yields, Selenium Halogen 

Dialkyl radical M. p., OC. % Formula Calcd. Found Calcd. Found 
1 Dimethyl Dichloride 176 25 C1eH14Clz0sSe 17.5 17.8 15.7 15.6 
2 Diethyl Dichloride 16? 20 C1sH1sClz0eSe 16.5 16.6 14.8 15.7 
3 Dipropyl Dichloride 130 20 CzaHs2CIzOsSe 15.6 15.5 13.9 14.0 
4 Diisopropyl Dichloride 173 46 C~oHzzClzOsSe 15.6 15.8 13.9 13.9 
5 Dibutyl Dichloride 133 20 Cz-iH2sC120eSe 14.8 14.9 13.2 13.1 
6 Diamyl Dicliloride 138 25 CzaHsoClzOeSe 14.0 13.3 12.5 12.6 
7 Diphenyl Dichloride 185 47 CzeH~sClzOeSe 13.7 14.0 12.3 12 .3  
8 Dimethyl 158 ' 60 CisHirOaSe 20.8 20.6 
9 Diethyl 88 58 ClsHlsOsSe 19 .3  19.3 

10 Dipropyl Yellow viscous unstable liquid 34 CzaHzzOsSe 18.1 17.8 
11 Diisopropyl 81 70 CzaHzaOeSe 18.1 18.4 
12 Dibutyl Yellow viscous unstable liquid 31 CzzHzsOeSe 17.0 17.4 
13 Diamyl Yellow viscous unstable liquid CzrHsoOeSe No analysis made 
14 Diphenyl 138 CzeH~sOaSe 15.7 15.1 
15 Dimethyl Dibromide 143 41 C1sH1rBrz0eSe 14.6 14.6 29.5 29.5 
16 Diethyl Dibromide 147 39 C1sH1sBrz0sSe 13.9 13.8 28.1 28.3 
17 Dipropyl Dibromide 110 23 CzoHzzBrzOeSe 13.3 13.1 26.8 26.5 
18 Diisopropyl Dibromide 159 94 CzoH?sBrzO&e 13.3 13.0 26.8 27.1 
19 Dibutyl Dibromide 95 19 CzzH~eBrzOeSe 12.7 12.5 25.6 25.3 
20 Diamyl Dibromide 121 CaHaoBr%OsSe 12.1 11.9 24.5 25.0 
21 Diphenyl Dibromide 160 CzsH~sBrzOsSe 11.9 12.1 24.0 24.8 
22 Dimethyl Diiodide 150 24 C1sH1rIz0eSe 12.5 12.6 40.0 39.9 
23 Diethyl Diiodide 140 21 C1sH1sIz0sSe 11.9 11.6 38.3 38.4 
24 Dipropyl Diiodide 78 17 CzaHzzIz06Se 11.5 11.6 36.7 36.3 
25 Diisopropyl Diiodide 96 95 CzoHzzIzOsSe 11.5 11.9 
26 Dibutyl Diiodide 65 15 Cz~Hzs1,OeSe 11.0 11.3 35.3 35 0 
27 Diamyl Diiodide Dark brown CzaHaoIzOsSe 

viscous liquid 
28 Diphenyl Diiodide 120 CzeH~sIzOeSe 10.4 11.1 
29 Dimethyl Dihydroxide 137 37 C1eH160nSe 19.1 18.2 
30 Diethyl Dihydroxide 107 39 C~sHzoOsSe 17.9 17.0 
31 Dipropyl Dihydroxide 63 33 CmHtaOsSe 16.8 15.5 
32 Diisopropyl Dihydroxide 83 83 CzoHzrOBe 16.8 17.2 
33 Dibutyl Dihydroxide 57 31 CzzHzsOaSe 15.9 15.4 
34 Diamyl Dihydroxide 97 80 CnHazOsSe 15.0 15.5 
35 Diphenyl Dihydroxide 122 75 CzaHzoOsSe 14.7 15.2 



The disalicylate was prepared from the above by treating with 10% excess of zinc 
dust in a 0.1 N chloroform solution of the derivative. This was refluxed for ten minutes 
after the solution becanie clear. The solution was filtered and the chloroform allowed to 
evaporate. The product was washed with alcohol. I t  is soluble in chloroform, ether 
and alcohol and is rather unstable 

The bromides and iodides were prepared by adding 10% excess of halogen in chloro- 
form solution to a chloroform solution of the corresponding disalicylate derivative. 
The chloroform was allowed to evaporate. The bromide was recrystallized from alcohol. 

The iodide was washed with a solution of potassium iodide to remove the excess of 
iodine. I t  was then washed thoroughly with water and dried in a vacuum desiccator 
over calcium chloride T i e  cxysials were soiuble ill alcohol, ethe

r 

and chloroform. 
The dihydroxide was prepared by treating the dichloride with warm distilled water 

containing 10% excess of sodium bicarbonate and allowed to stand for twenty-four hours 
a t  40-50'. The original yellow compound changed to a practically white compound 
After filtering the product was recrystallized from hot alcohol. I t  was soluble in chloro- 
form, ether, alcohol and very slightly soluble in water. 

The corresponding derivatives of the other esters of salicylic acid were prepared in 
an analogous way and the yields, physical constants and analyses are summarized in the 
table. 

Summary 

1. The reaction between selenium oxychloride and certain esters of 
salicylic acid has been studied in which two molecules of the ester condensed 
with one molecule of seleriium oxychloride. 

2 .  The resulting selenium dichlorides can be hydrolyzed to produce 
selenium dihydroxides. 

3. The reduction of the selenium dichlorides by zinc gives selenides. 
4. The selenides readily add bromine or iodine, forming selenium di- 

bromides and selenium diiodides. 
LAFAYETTE, INDIANA RECEIVED AUGUST 13, 1932 

PU~LISHED FEBRUARY 9, 1933 



Local Anesthetics Derived from Dialkylaminopropanediols. 
11. Esters of Piperidinopropanediol' 

In  an earlier paper2 one of us called attention to the fact that the phenyl 
carbamates of dialkylaminopropanediols were local anesthetics of merit. 
In  a later publication3 the same author pointed out that certain other 
phenyl carbamates were more active local anesthetics than the correspond- 
ing p-aminobenzoates a t  present on the market. During the pharma- 
cological studies on the phenyl urethans of dialkylaminopropanediols4 it 
was found that the corresponding aininobenzoates were inferior as local 
anesthetics (unpublished). 

On the basis of further pharmacological and clinical study, the hydro- 
chloride of piperidinopropanediol diphenylurethane (Diothane) has been 
selected as the best anesthetic among those previously discussed. 

As a part of the further investigation of the relationship of physiological 
activity to the structure of various esters of piperidinopropanediol, we have 
made esters with the following acids : benzoiq6 p-aminoben~oic,~ p-tolyl- 
carbamic and a-naphthyl carbamic. The first two esters named have been 
previously prepared and anesthetic activity attributed to them but no 
definite pharmacological data was given. The two carbamates are new, 
and in so far as the authors are aware, these acids have never been used 
in preparing local anesthetics. 

Experimental 

Piperidinopropanediol Di-a-naphthylurethan Hydrochloride.-A solution of 15.9 
g. of piperidinopropanediol in 100 cc. of dry benzene was heated t o  the boiling point and a 
solution of 34 g. of a-naphthyl isocyanate in 50 cc. of dry benzene was slowly added. 
The mixture was heated for thirty minutes to  complete the reaction, then cooled, filtered 
and a cold saturated solution of hydrogen chloride gas in dry benzene was added during 
stirring. The mixture was cooled overnight, the precipitate filtered off, washed with 
acetone, dissolved in a small volume of methyl alcohol and poured into acetone, precipi- 
tating 34 g. of piperidinopropanediol di-a-naphthylurethan hydrochloride; melting 
point 202-203 ". 

Anal. Calcd. for C ~ O H ~ I O ~ N ~ . H C I :  C1,6.65. Found: C1,6.66, 6.72. 

Piperidinopropanediol Di-p-tolylmethan Hydrochloride.-Following the above pro- 
cedure, 40 g. of piperidinopropanediol and 77 g. of p-tolyl isocyanate were caused to 

(1) A preliminary report of this research was made before the Medicinal Section of the America,, 
Chemical Society. New Orleans, March, 1932. 

( 2 )  Rider, THrs  JOUKNAI~, 62, 211.5 (1930). 
( 3 )  Rider, ibid., 62, 2583 (1930). 
( 4 )  Rider, .7. Pharmacol., 39, 457 (1930) 
(5) Pyman, J. Chem. Sac., 93,  1793 (1908). 
(6) Einhorn, Piedler, J,adisch and Uhlfelder, Ann., 371, 142 (1909). 
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react and the hydrochloride of the resulting ester precipitated and purified, yielding 70 
g. of piperidinopropanediol di-p-tolylurethan hydrochloride; melting point 223-225 O. 

Anal. Calcd. for C ~ ~ H ~ I O ~ N S  HCI: C1.7.68. Found: C1,7.74,7.72. 

Pharmacological.--All compounds were tested by Topical application 
to  the cornea of the rabbit and by intradernlal injection into the human 
forearm, followiilg previously described  technique^.^ Toxicity determina- 
tions were made by subcutaneous injection into guinea pigs. The data on 
the different esters are summarized in Table I. 

ACOOCK2CH(OCOA) CH2NC6Hlo.IICI COMPOIJND'~ 
Duration of 

anesthesia (minutes) Tonicity. to 
Concentration, Intradermnl gmnea p ~ g s  

ACOOH molar Rabbit cornea wheal LD5o Mg / R g  

Phenylcarbamic acid 9.00575 28 5.5 400 
Tolylcarbamic acid 00575 50 42 250 
Naphthylcarbamic acid .00575 103 32 300 
p--4minobenzoic acid .00575 Incomplete 23 150 
Benzoic acid .00575 Incomplete 12 > 600 

The phenyl carbamate derivative was the most powerful anesthetic for 
injection and was only exceeded in its activity on the cornea by the two 
other urethans, both of which were decidedly irritating. Only the benzo- 
ate was less toxic than the phenyl urethan and the anesthetic activity of 
this compound was very low. 

Summary 

In a series of local anesthetics prepared from piperidinopropanediol, 
the di-phenyl carbamate is better than the di-a-naphthyl carbamate, the 
di-p-tolyl carbamate, the di-benzoate or the di-p-aminobenzoates. 

CINCINNATI, OHIO RECEIVED AUGUST 13, 1932 
PUBLISHED FEBRUARY 9. 1933 
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Hydroxy and Bromo Esters Derived from the Hydrogenation 
of Certain Omega-Acetyl Esters 

BY ELMER J. LEASE AND S. M. MCELVAIN 

Several years ago it was noted in this Laboratory that the hydrogenation 
of acetoacetic ester with Adams platinum oxide catalyst proceeded a t  a 
considerably slower rate than that of a simple ketone, such as acetone. 
The most apparent reason for this behavior was the close proximity of the 
carbethoxy group to the carbonyl group in the acetoacetic ester molecule. 

Since a series of bromo esters of the type CH3CHBr(CH2),COOGHs 
were needed for some other work, it seemed advisable to prepare them 
from the corresponding liy-droxy esters derived from the hydrogenation of a 
series of w-acetyl esters of the type CH3CO(CH2),COOC2H6. This would 

make ~ossible the determina- 
100 tion of the effect of increasing 

t he  number of methylene 
groups between the carbethoxy 

80 and carbonyl group on the rate 
of hydrogenation of the latter 
group. 

& The results which were ob- 

g 60 tained with such a series of 
'it 
d keto esters are illustrated in 

Fig. 1. A curve showing the 

40 rate of hydrogenation of ace- 
X tone under similar conditions 

is included for comparison. In 
each instance 0.3 mole of the 

2 0 - - '  

2 4 6 8 10 12 solution, but the relative rates 
Time, hours. were practically the same when 

Fig. 1.-Rate of hydrogenation of w-acetyl esters: the hydrogenations were car- 
Curve a, acetone; the nuntber on each of the 
other curves is the value of n in the formula ed Out a It 
CH3CO(CH2)nCOOC2H6 is seen from these curves that 

rate of hydrogenation of the 
keto esters does not approach that of acetone but continues, in general, to 
decrease as the value of n increases. The only explanation for the variation 
of the positions of Curves 4 and 5 from the regular order is that the keto 

" X  
keto compound and 0.3 g. of 
Adams platinum oxide catalyst 
were used. These hydrogena- 
tions were made in alcohol 
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ester in which n is 4 was prepared through a cyanide and may have contained 
a small amount of an impurity which lowered the rate of hydrogenation. 

w-Acetyl Esters.-Acetoacetic ester was carefully distilled before use. Acetyl- 
succinic ester and acetylglutaric ester were prepared by the method described by Isbell. 
Wojcik and Adkins.1 

Acetylpimdic ester was prepared by a similar procedure from acetoacetic ester and 
6-bromovaleric ester.2 This diester was not purified by distillation, but was used di- 
rectly after it was freed from lower boiling associated products. These acetyl diesters 
were converted into the corresponding keto acids CH3CO(CH2),COOH by hydrolysis 
with dilute hydrochloric scid.3 The acid.: so obtained were esterified in carbon tetra- 
chloride s~ lu t ion .~  The over-all yield of ethyl w-acetylcaproate from ethyl 6-bromo- 
valerate was 20% of the theoretical. The keto ester in which n is 4 was prepared by es- 
terification of w-acetylvaleric acid.& The properties of these esters are summarized in 
the table. The esters in which n is 4 and 5 have not been described previously in the 
literature. 

I. KETO ESTERS, CH3CO(CH2)nCOOC2H6 
Analyses, %----------. 

B. p , "C. nz Calcd. Found 
n is (9 mm ) C I-I C H 

11. HYDROXY ESTERS, CHaCHOH(CH2)nCOOCzHa 

. . .  1' 70-71 (9 mm.) 0.9496 1.4195 . . ,  ... . . .  
2" 85-86(2mm.) .9532 1.4265 57.54 9.59 57.51 9.62 
3 94-95(2mm.) .9833 1.4315 60.00 10.00 59.62 9.98 
4 103-104 (2 mm.) ,9714 1.4329 62.07 10.35 61.55 10.24 
5 111-113 (2 mm.) 9621 1.4387 63 83 10 64 63.70 10.41 

" This ester was used in a condensation by Blaise and Koehler, Compt. rend., 148, 
1401 (1909) but no description of its properties was given. 

Curtius and Miiller, Ber., 37, 1277 (1904), report this ester b. p. 170; cf. also 
Tischtschenko, Chem. Centr., [11] 1310 (1906). 

" Both Neugebauer [Ann.,  227, 101 (1885)l and Thomas, Schuette and Cowley 
[THIS JOURNAL, 53, 3861 (1931) 1 report that this ester is converted by distillation into 
valerolactone. I t  was found, however, in the present work that no appreciable amount 
of this lactone is formed if the hydroxy ester is distilled rapidly from a Claisen flask 
with a short side arm. 

~ i d r o x y  Esters, CHSCHOH(CH~)~COOC~H~.-A solution of 0.3 mole of the keto 
ester in 35 cc. of absolute alcohol was shaken with hydrogen under 2-3 atmospheres of 
pressure in the presence of 0.3 g. of Adams platinum oxide catalyst until the theoretical 
amount of hydrogen was absorbed. After decantation from the catalyst, the alcoholic 
solution was distilled under diminished pressure from a Claisen flask without a fractionat- 

(1) Isbell, Wojcik and Adkins, THIS JOURNAL, 54, 3685 (1932). 
(2) Merchant, Wickert and Marvel, ibid., 49, 1828 11927). 
(3) Fittig and Wolff, Ann., 216, 129 (1883). 
(4) "Organic Syntheses," 1923, Vol. 111, p. 51. 
(5) Derick and Hess, THIS JOURNAL, 40, 551 (1918). 



ing column. The yields of the hydroxy esters were 82-88%. Their properties are 
summarized in Table I. 

Bromo Esters, CH,CHBr(CH2)nCOOC2&.-To a solution of 0.3 mole of the hy- 
droxy ester in 30 cc. of benzene was added slowly 0.1 mole of phosphorus tribromide. 
The flask containing the reactants was placed in an ice-bath and allowed to remain for 
half an  hour. After this time the reaction mixture was gradually warmed to 60' and 
kept a t  this temperature for thirty minutes. It was then cooled, treated with 50 cc. of 
water, the layers separated and the aqueous layer extracted with an equal volume of 
benzene. The benzene extracts were combined, washed with water, dried over anhy- 
drous sodium sulfate and distilled. The yields were 61-74% of the theoretical. The 
properties of these bromo esters are listed in Table 11. 

- Analyses, % 
B. p , OC. d:; 72: Calcd. Found 

n is (2 mm.) C H B r C H  Br 

" Lespieau, Chem. Centr., I, 24 (1905), notes this ester as boiling at  183 (755 mm.). 

Summary 

The hydrogenation of a series of w-acetyl esters, CH~CO(CHZ),COOCZHC,, 
in which n varies from 1 to 5, has been described. The resulting hydroxy 
esters have been converted into the corresponding bromo esters. 

The properties of the following compounds, not previously listed in 
the literature, are described: ethyl w-acetylvalerate, ethyl w-acetylcaproate, 
ethyl y-hydroxyvalerate, ethyl 8-hydroxycaproate, ethyl e-hydroxy- 
heptoate, ethyl I-hydroxycaprylate, ethyl y-bromovalerate, ethyl 6- 
bromocaproate, ethyl E-bromoheptoate and ethyl {-bromocaprylate. 

MADISON, WISCONSIN RECEIVED AUGUST 15, 1932 
PUBLISHED FEBRUARY 9. 1933 
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[CONTRIBUTION FROM TEE CIIEMISTRY LABORATORY OF THE UNIVERSITY OF MICHIGAN] 

The Color of Sulfuric Acid Solutions of Bi- and 
~ri'~hen~lmethanes 

A yellow color develops when sulfuric acid solutions of di- and triphenyl- 
methanes are allowed to stand. The causes of the color of these solutions 
have been discussed by several investigators, most of whom suppose it to be 
due to the presence ol impurities in the origilial materials. Baeyer and 
Villigerl assumed a t  first that the color was due to an acid salt of triphenyl- 
niethane but after Ullmann2 had shown that triphenylmethane contained 
impurities which were removed by treatment with 75-80y0 sulfuric acid, 
they ascribed the production of the color of their solutions to the presence 
of anthracene. Baker,$ Massol and Fa~co r i ,~  and McVicker, Marsh and 
Stewart5 have presented spectroscopic evidence for the presence of anthra- 
cene in samples of triphenylmethane, while OrndorE, Gibbs, McNulty and 
Shapiro6 found similar evidence of the presence of anthracene in some of 
the; samples of diphenylmethane. o n  the other hand, Zelinsky and 
Gawerdowskaja7 claim that the stable form of triphenylmethane (m. p. 9 2 O )  
dissolves in sulfuric acid without color and that it then changes over to the 
metastable form (m. p. 82') to which they ascribe the yellow color. They 
were unable to detect the presence of anthracene in their samples. Evi- 
dence has been obtained in this Laboratory that color is produced when pure 
samples of these methanes are dissolved in sulfuric acid and that this pro- 
duction of color is a result of chemical reaction between solute and solvent. 

Triphenylmethane is very slightly soluble in sulfuric acid.8 The solution 
is colorless a t  first but it slowly acquires a yellow color upon standing or 
more quickly upon being warmed or exposed to sunlight. The absorption 
spectrum of one sample of the yellow solution is shown by curve 1, together 
with the curve 2 for pure triphenylcarbinol sulfate. It is apparent that 
the two curves are prdduced by the same substance. The curves indicate 
that only a portion of the triphenylmethane is converted to the carbinol 
sulfate; for example, in the particular experiment for which the absorption 
curve of the solution is given, the data indicate the formation of 0.0006 g. 
of triphenylcarbinol sulfate from 0.00247 g. of triphenylmethane. ~ t -  

(1) Baeyer and Villiger, Ber ,35, 1194, 1754 (1902) 
(2) Ullmann, zbsd ,  36, 1811 (1902). 
(3) Baker, J .  Chem Soc , 91, 1490 (1907). 
(4) Massol and Faucon, Compf rend, 166, 819 (1918) 
(5 )  McVicker, Marsh and Stewart, J .  Chem. Soc., 127, 999 (1925) 
(6) Orndorff, Gibhq, McNulty and Shapiro, THTS J O U R ~ A I , ,  49, 1541 (1927) 
(7) Zelinsky and Gawerdowskaja, Bcr , 61, 1049 (1928). 
(8) A mixture of dimethyl sulfate and sulfuric acid constitutes a much better solvent than sulfuric 

acid for these hydrocarbons. It has been found that the spectra of the solutions in this mixture of sol- 
vents, a t  least in those cases where the concentration of dimethyl sulfate is less than 30% by volume, are 
identicat with the spectra obtained for corresponding solutions in concentrated sulfuric acid alone The 
mixture of solvents has therefore been used for nearly all of the solutions discussed in this paper. 



tempts were made to produce sufficient sulfate in the solution to allow the 
isolation of some pure carbinol. The passage of either air or oxygen 
through a suspension of several grams of finely powdered triphenylmethane 
in sulfuric acid (4 volumes) and dimethyl sulfate (1 volume) produced only 
slightly more color after several days than was obtained by shaking a 
sealed tube containing the same mixture. Only a few tenths of a gram 
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could be recovered from four grams of triphenylmethane which went into 
solution. The recovered material, which was obtained by distillation of 
the diluted acid solution in a current of steam, melted a t  81-82' and was 
impure triphenylmethane, as was proved by the melting point of mixtures 
of this material with pure triphenylmethane. It was not the metastable 
form of triphenylmethane since its melting point was not changed by 
seeding the supercooled molten mass with crystals of the 92' form. 
$chaum

g 
has shown that the rate of change of the metastable form to the 

( 8 )  Schaum, ,inn , 462, 184 (1928). 
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stable is extremely rapid a t  90°. The balance of the triphenylmethane 
which dissolves in sulfuric acid is probably sulfonated, as has been suggested 
by Ullmann.2 Attempts to isolate the sulfonic acid have thus far been 
unsuccessful. 

As a result of the spectroscopic data, are conclude that the color of a 
sulfuric acid solution of triphenylmethane is due to the presence of the 
sulfate of triphenylcarbinol which has been produced by the oxidation of a 
portion of the hydrocarbon. 

The czuses of the color produced in solutions of diphenylmethane in 
sulfuric acid are not so apparent. The following chart illustrates the more 
obvious ways in which oxidation of diphenylmethane might be expected to 
take place 

- H2 - Hp 
Diphenylmethane 

Sym-tetraphenylethane 
1 

Biphenylenemethane 

- H n  
Benzopinacol 

I > 
+ rearrangement = j3 - Benzopinacolin 

The absorption spectra of sulfuric acid solutions of each of the above 
compounds, as well as of anthracene and anthraquinone, have been de- 
termined. These curves have been compared and it has been found that 
with the exception of the curve for tetraphenylethane there is no similarity 
between the absorption spectrum of a sulfuric acid solution of any of these 
compounds and that shown by the diphenylmethane solutions. 

Curve 3 was obtained from a 1-crn. layer of a solution of 0.00826 g. of 
diphenylmethane in 25 cc. of sulfuric acid (4 : 1) and curve 4 from a solution 
of 0.00058 g. of tetraphenylethane in 25 cc. of the same solvent. The 
similarity of the curves leads one to believe that very similar solutions are 
produced when either diphenylmethane or sym-tetraphenylethane is 
dissolved in sulfuric acid. Only very dilute solutions can be obtained and 
it has thus far been impossible to isolate any of the products. The close 
relationship between derivatives of diphenylmethane and tetraphenyl- 
ethane has been noted also by other investigators.1° 

The absorption curves were obtained by methods which have been 
described." The crystalline compounds were recrystallized from an- 
hydrous ether or optically clear petroleum ether and in every case melted 
sharply a t  temperatures close to those recorded for them. The diphenyl- 

(10) (a) Willst&tter a n d  Goldmann, Ber., 39, 3765 (1906); (b) Madelung and Oberwegner, ibid.. 
60,2469 (1927) ; (c) Gilman and Leermakers, Rec. trav. chim., 49,532 (1930) 

(11) Anderson and Gomberg, THIS JOURVAL, 60,203 (1928). 



812 FRANK C. WHITMORE AND W. L. EVERS Vol. 55 

methane was purified by treatment for thirty minutes with 85% sulfuric 
acid and was then distilled in a current of steam. The product gave no 
color with concentrated sulfuric acid until the mixture was warmed or 
allowed to stand for several hours. 

Summary 

1. Curves are presented for the absorption spectra of diphenylmethane, 
tetraphenylethane and triphenylrnethane in solution in a mixture of sul- 
furic acid and dimethyl sulfate. 

2. I t  has been shown that the color produced when triphenylmethane 
is dissolved in sulfuric acid is caused by the formation of triphenylcarbinol 
sulfate due to the oxidation of some of the triphenylmethane to triphenyl- 
carbinol. 

3. Sulfuric acid solutions of diphenylmethane give absorption spectra 
which are very similar to the spectra of sulfuric acid solutions of sym- 
tetraphenylethane. Whether this is due to the oxidation of diphenyl- 
methane to a derivative of tetraphenylethane or to a cleavage of the 
tetraphenylethane to a diphenylmethane derivative cannot be demon- 
strated a t  present. 

ANN ARBOR, MICIIIGAN RECEIVED AUGUST 17, 1932 
PUBLISHED FEBRUARY 9, 1933 

Tertiary Aliphatic Alcohols Containing an Adjacent Tertiary 
Hydrogen, the Related Chlorides and Dehydration Products 

The need for more knowledge about tertiary alcohols in connection with 
studies on rearrangements prompted this work.2 The group of alcohols 
selected may be represented by the formula, R(CH3)(iso-C3H,)COH, in 
which R is ethyl, n-propyl, n.-butyl and n-amyl. Two adjacent carbons 
hold tertiary hydroxyl and tertiary hydrogen. These are readily removed 
to give a tetrasubstituted olefin. That the dehydration does not follow 
this course alone has been shown repeatedly with the first member of the 
series in which R is methyl.3 The dimethylisopropylcarbinol gave the 
expected tetramethylethylene and amounts of 2,3-dimethylbutene-1 vary- 
ing with the conditions of dehydration. The second member of the 

(1) Submitted in partial fulfilment of the requirements for the Ph.D. degree. 
(2) (a) Whitmore, Tnrs JOURNAL, 66, 3274 (1932) ; (b) Whitmore and Woodburn, ibid. ,  65, 361 

(1933); (c )  Whitmore and Williams, abid.. 55, 406 (1933). 
(3) Henry, Comgt. rend., 144, 552 (1907); Couturier, Bull. soc, chim., [4] 9, 898 (1911); I,indner, 

Monatsh., 32, 403 (1911); Kishner and Chonin, Chem. Zenlr., I ,  1496 (1914); J. Russ. Phys.-Chem. 
SOC.. 45, 1770 (1913). 
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series, methylethylisopropylcarbinol, gave two olefins but these were not 
id~ntif ied.~ 

The four carbinols in the present study, when dehydrated by Hibbert's 
iodine method, gave mainly the tetrasubstituted olefins with lesser amounts 
of the olefins formed by the loss of hydrogen from the R group. No evi- 
dence was found that the methyl group was in~olved.~' The structure of 
the olefins was determined by ozonolysis. With the n-butyl and n-amyl 
compounds, the olefinic products were carefully fractionated. A study of 
the refractive index-distillate curve indicated that tbe dehydrations in- 
volving the tertiary and secondary hydrogens took place in about the 
ratio 2 .l. 

The tertiary chlorides were prepared and were found to be at least as 
stable as the related chlorides containing normal propyl instead of isopropyl 
groups.2b~c Thus the adjacent tertiary hydrogen had little or no greater 
effect than an adjacent secondary hydrogen. This is probably because 
the controlling step in the loss of hydrogen chloride is the removal of the 
chlorine with its complete octet.2a 

Experimental 

The carbinols were prepared from methyl isopropyl ketone (b. p. 91.5-92.3" (733 
n~rn.)), n2: 1.3880, prcparcd in 60% yield by the hydrolysis and rearrangement of tri- 
methylethylene dibromide prepared from tertiary amyl alcoh01)~ and the proper Grig- 

TABLE I 

THE TERTIARY CARBINOLS, R (CH3) (ISO-C3H7) COH AND THEIR CHLORIDES 

Carbinoh 
'CVt. Yield 

R made, g. % B. p., OC. (mm.) nZ0 

Chlorides 
Wt. Yield d'," Analysis, % Cl R made, g.  % B. p., OC. (mm.) nE Calcd. Found 

" The low yield and the low chlorine content were due to  a slight decomposition 
during the distillation a t  atmospheric pressure. Chavanne and de Graef (Ref. 4b) give 
b. p. 4243"  (11 mm.), and 139.4-139.9° (760 mm.). " Clarke [THIS JOURNAL, 33, 528 
(1911)] gives b. p. 158-158.2O (758 mm.). " d t l  0.8383. " Calcd. from d i3  0.8809. 

(4) (a) Pariselle and Simon, Compt. rend., 173, 86 (1921); (b) Chavanne and de Graef, Bull. SOL. 

ckim. Bel?., 33, 366 (1924). 
(5) Supplied by the Sharples Solvents Corp. of Philadelphia. 
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nard reagents. The halides used for their preparation were n-amyl bromide, b. p. 
126.5-128" (740 mm.), prepared in 58% yield from n-amyl alcohol6 and constant boiling 
hydrobromic acid; n-butyl bromide, b. p. 99-100' (740 mm.); n-propyl bromide, 
b. p. 68.5-70" (730 mm.) and ethyl bromide (Dow Chemical Co.). 

The ethyl compound was also made from isopropyl bromide (b. p. 58-59' (740 
mm.), prepared in 78% yields from 98% isopropyl alcohol6 and constant boiling hydro- 
bromic acid) and methyl ethyl ketone, b. p. 79-79.5' (739 mm.), prepared by dehydro- 
genating, with a brass catalyst, secondary butyl alcohole (b. p. 97.7-98.7' (733 mm.)). 
The yield of tertiary carbinol was only 33%, probably due to the condensing action of the 
isopropyl Grignard on the k e t ~ n e . ~ " . ~  

The tertiary chlorides were prepared from the carbinols in the usual way with dry 
hydrogen chloride a t  0". This treatment gave colorless or slightly yellow crude chlorides 
in sliarp difference from the behavior of the corresponding n-propyl compounds, which 
gave deep ~ o l o r s . ~ ~ ~ ~  

The results on the tertiary carbinols and halides are summarized in Table I. 
The carbinols were dehydrated by refluxing with a few crystals of iodine under a 

50 X 1.5 cm. column. The olefin and water were distilled as formed. The olefin was 
washed with 10yo sodium thiosulfate, dried over 10 g. of calcium chloride and finally 
over sodium. The product was then distilled through a short column. 

TABLE I1 
DEHYDRATION OF THE CARBINOLS R(CH8) (ISO-C~H~)COH 

Water Ole fin 
R Wt., g. formed, g. b. p. range, OC. (mm.) Olefin, g. Yield, OJO 

CaHs 223 30 89-93.5 (732) 130 70 
n-GH, 65 7 108-115 (733) 28 50 
n-CdHo 72 7 135-140 (742) 46 74 
n-c~H11 474 46 159-166 (747) 325 77 

The olefins were ozonized in about 0.3-mole lots in 250 cc. of 5-35' saturated hydro- 
carbons8 a t  Q 0  in the usual way? The ozonides were decomposed with zinc and hot 
water.O The results appear in Table 111. 

The ozonolysis products indicate that the dehydration took place exclusively from 
the isopropyl and R groups with the former predominating about 2:l. The carbinols 
gave the following pairs of olefins: ethylmethylisopropylcarbinol, 2,3-dimethylpentene-2 - 

and -3; n-propylmethylisopropylcarbinol, 2,3-dimethylhexene-2 and -3; n-butylmethyl- 
isopropylcarbinol, 2,3-dimethylheptene-2 and -3; n-amylmethylisopropylcarbinol, 2,3- 
dimethyloctene-2 and -3. 

Two of the pairs of olefins, those from the n-butyl and the n-amyl carbinols, were 
carefully fractionated through a 130 X 1.5 em. adiabatic, total condensation variable 
reflux packed column,10 using a reflux ratio of about 205. 

The distillation of 320 g. of the olefins from n-butylmethylisopropylcarbinol gave 
32 fractions of which the principal ones were 3-11, 112 g., b. p. 135.4' (743 mm.) to 
137.1' (741 mm.), n2i 1.4232 to 1.4236; and 19-23,42.5 g., b. p. 138.2-139.0' (741 mm.), 
n2: 1.4246-1.4257. These results taken with the ozonolysis results and the studies of 
Boord and his co-workers1' indicate that the olefin formed in larger amount is the hep- 
tene-2 derivative. Measurements on the middle fractions of the olefins gave the follow- 

(6 )  Supplied by Stanco, Inc., New York City. 
(7) Conant and Blatt, THIS JOURNAL, 61, 1227 (1929). 
(8) Supplied by the Viking Corp. of Charleston, W. Va. 
(9) See Whitmore and Church, THIS JOURNAL, 64, 3712 (1932). 

(10) Table 111, Ref. b. 
(11) Schmitt and Boord, THIS JOURNAL, 54, 751 (1932). 
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ing properties: 2,3-dimethylheptene-2, b. p. 136.2-136.8' (743 rnm.), n2$ 1.4233, diO 
0.742; 2,3-dimethylheptene-3, b. p. 138.4-138.8" (740.5 mm.), r,2z 1.4250, diO 0.747. 

Similarly 325 g. of the mixture of olefins from n-amylmethylisopropylcarbinol was 
distilled in 34 fractions of which the chief ones were 1-8, 72 g., b. p. 157.6" (731 mm.) 
to 160.2' (737.5 mm.), it2$ 1.4280 to 1.4282; and 14-18, 45 g., b. p. 161.0' (739 mm.) 
t o  161.8" (739.6 mm.), n2$ 1.4289 to 1.4292. The lower boiling olefin was taken as the 
octene-2 derivative. The middle fractions gave the following properties: 2,3-dimethyl- 
octene-2, b. p. 158.4-158.8' (733 mm.), n?! 1.4280; 2,3-dimethyloctene-3, b. p. 161.2- 
161.4" (739 mm.), n2: 1.4290. 

Summary 
1. Aliphatic alcohols containing tertiary hydroxyl and tertiary hydro- 

gen on adjacent carbon atoms have been prepared and dehydrated. In  
each case a pair of olefins was formed. These were identified by ozonolysis. 

2. The new tertiary alcohols prepared and studied were 2,3-dimethyl- 
hexanol-3, 2,3-dimethylheptanol-3 and 2,3-dimethyloctanol-3, 

3. These alcohols were converted to the corresponding tertiary chlo- 
rides, 3-chloro-2,3-dimethyl-hexane, -heptane and -octane. 

4. The four olefins, 2,3-dimethylheptene-2 and -3 and 2,3-dimethyl- 
octene-2 and -3 have been prepared and studied. 

STATE COLLEGE, PENNSYI,VA~IA RECEIVED AUGUST 19,1932 
PUBLISHED FEBRUARY 9, 1933 

Piperidine Derivatives. XII. Local Anesthetics Derived from 
Reduction Products of Beta-Acetylpyridine 

Two constructions that markedly enhance the action of the aminoalkyl 
benzoate type of local anesthetics on mucous surfaces have been shown to 
be (a) the phenylalkyl group attached to nitrogen1 (preferably the nitrogen 
atom of the piperidine ring) and (b) a substituent methyl group in the 
alkylene group that joins the nitrogen atom to the benzoyloxy group.2 
These two types of structure are illustrated by I and II. It was the pur- 
pose of the work reported in the present paper to prepare and submit for 
pharmacological study a series of compounds of type III in which the two 
above-mentioned structures might be combined in a single molecule. 

CH2-CH2 CHI CHt-CH-CHOCOCsH6 
I I I I I I '  

C6H,COO(CH"),N CH2 NCH2CHzCNOCOC6H6 R-N CH, CH3 
I I 

CsHaCH2CH-CH2 
I I I 

CHZ-CH., 
I I1 111 

(1) (a) Bailey and McElvain, THIS JOURNAL, 52, 1639 (1930), (b) Bolyard and McElvain, zbid., 
51, 927 (1929). 

(2) Thayer and McElvain, ibid. ,  50, 3354 (1928) 
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The synthesis of this type of compound was accomplished by first alkyl- 
ating and then benzoylating 3-piperidylmethylcarbinol (V) which was 
obtained by the reduction of P-acetylpyridine (IV). This reduction was 
carried out catalytically with both Adams platinum oxide catalyst and a 
nickel catalyst and also by sodium in alcohol. Each of these reduction 
procedures gave a mixture of the diastereoisomeric carbinols (V) together 
with a relatively large amount of 3-ethylpiperidine (VI). Since the reduc- 
tion with the platinum catalyst seemed to be most satisfactory from the 
standpoint of control and yield of the desired product, the results obtained 
by this method will be outlined briefly. When the ketone (IV) was reduced 
in dilute hydrochloric acid solution with the platinum catalyst and the 
reduction stopped after 4 moles of hydrogen had been absorbed, a small 
amount of the partially reduced product, P-pyridylmethylcarbinol VII was 
isolated along with V and VI. 

CH2-CHCH2CHa 
I I 

N CI-I 
II I1 
CH-CH 

VII 

If, however, the reduction were allowed to proceed until no more hydrogen 
was absorbed, only V and VI were isolated. The yields of these latter 
products were 38-52% and 30-38%, respectively. In aqueous solution 
containing no hydrochloric acid the ketone IV absorbed only one mole of 
hydrogen and from this reduction the carbinol VII was isolated in 85% 
yield. Apparently the formation of a small amount of the more basic 
piperidine compound destroyed the activity of the catalyst, because the 
addition of hydrochloric acid to the solution after the one mole of hydrogen 
had been absorbed allowed the reduction to continue to completion. The 
reduction of VII either with platinum or nickel catalysts produced both V 
and VI in the relative amounts mentioned above.3 Reduction of either 
this carbinol or P-acetylpyridine by sodium and alcohol produced even 
higher ratios of ethylpiperidine. 

(3) This fact is in accord with the observations of Adkins and co-workers in this Laboratory that 
a carbinol group attached to an unsaturated calbon atom is converted to a methylene group by catalytic 
reduction with nickel. Also there is an apparent correlation between the behavior of 8-acetylpyridine 
and 8-benzoylpyridine on reduction with platinum In the reduction of the three benzoylpyridines 
i t  was only in the case of the 0-compound that a low yield of the phenylpiperidylcarbinol was obtained 
[Crook and McElvain, THIS JOUXXAL, 52,4011 (1930) 1. 



The mixture of the isomeric 3-piperidylmethylcarbinols (V) which was 
obtained consisted of approximately 20% of a higher melting (103-104°) 
compound and 80% of a lower melting (58-61') compound. In spite of 
this adverse ratio the higher melting compound was used in the subsequent 
experiments because lower solubility caused it to be much more susceptible 
to purification. The relationship between these two compounds was 
established by analysis and acetyl value.4 Attempts to convert the lower 
melting isomer into the higher melting one as was done in the case of the 
2-piperidylphenylcarbinols4 were unsuccessful. 

A number of N-alkyl and N-phenylalkyl derivatives of the higher melting 
3-piperidylmethylcarbinol were prepared and benzoylated and the desired 
anesthetics (type 111) obtained as the hydrochlorides without any particu- 
lar difficulty. The N-benzoyloxypropyl derivative of ethylpiperidine was 
prepared for compztrison with previously prepared alkylpiperidinopropyl 
benzoates. Also the /3-pyridylmethylcarbinol (VII) was converted into 
the benzoate and p-aminobenzoate, both of which, as will be seen from the 
pharmacological data, were found to possess very unusual physiological 
properties. 

Experimental 
Ethyl Nicotinoacetate Hydrochloride.-The free base of this compound has been 

prepared, but  not isolated or purified, by H ~ r d . ~  The following procedure was used in 
the  present work. A mixture of 151 g. (I mole) of ethyl nicotinate, 167 g. (1.9 moles) 
of ethyl acetate and 104 g. (1.55 moles) of sodium ethoxide was allowed to stand a t  room 
temperature for about one hour with occasional shaking. The mixture became quite 
warm and assumed a deep reddish brown color. It was then refluxed five to  six hours, 
cooled and diluted with an equal volume of water. The unreacted esters were extracted 
with ether and the remaining aqueous solution acidified with concentrated hydrochloric 
acid and then made slightly alkaline with sodium carbonate solution. The oily layer 
of ethyl nicotinoacetate and acetoacetic ester was separated and the aqueous layer 
extracted twice with ether. These ether extracts were combined with the keto ester 
layer and, after drying with anhydrous potassium carbonate, saturated with dry hydro- 
gen chloride. The precipitated ethyl nicotinoacetate hydrochloride after recrystalliza- 
tion from a n  alcohol-ether mixture melted a t  156-157.5'. The yield was 115-161 g. 
(50-70%). Calcd. for C1~H1203NC1: C1, 15.44. Found: C1, 15.39. 

@-Acetylpyridine Hydrochloride.-A solution of 42 g. of ethyl nicotinoacetate in 
300 cc of 10% hydrochloric acid was refluxed for six hours. The resultant solution, 
which gave no coloration with ferric chloride, was evaporated t o  dryness on a steam- 
bath and the remaining residue recrystallized from alcohol. A yield of 27 5 g. (96%) 
of 8-acetylpyridine hydrochloride, m. p. 176-177.5", was obtained Calcd. for C7H8- 
ONCl: C1, 22.51. Found: C1, 22.69. 

The free base boils a t  90-92' (5 mm.), melts a t  13-14', and is completely soluble 
in cold water. 

0-Pyridylmethylcarbinol, 3-Piperidylmethylcarbinol (2 Forms) and 3-Ethylpiperi- 
dine.-A solution of 25 g. of P-acetylpyridine in 150 cc. of distilled water was shaken 
with 0.5 g. of Adams platinum oxide catalyst until no more hydrogen was absorbed. 
A t  this point approximately one mole of hydrogen had been taken up, and if the catalyst 

(4) Ref. 3, p. 4010. 
(5 )  Hurd, Tnrs JOURNAL. 49, 5.51 (1927) 
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were removed and the solution distilled, 21.5 g. (85%) of j3-pyridylmethyl~arbinol,~ 
b. p. 123-125O (5 mm.), was obtained. 

Anal. Calcd. for CrHsON: C, 68.3; H, 7.32, acetyl value,' 1. Found: C, 68.2; 
H, 7.49; ac. v., 0.96. The hydrochloride of this carbinol melts a t  92-93 O. Calcd. for 
CrHloONCl: C1, 22.25. Found: C1, 22.20. 

If, however, 20 cc. of hydrochloric acid (sp. gr. 1.2) were added to the reduction 
mixture after the first mole of hydrogen had been absorbed and the reduction allowed 
to continue, the total hydrogen absorption amounted to about lOyo excess of 4 moles. 
I t  was necessary toward the end of the reduction to reactivate the catalyst by shaking 
with oxygen. The catalyst was then filtered off and the filtrate evaporated to dryness. 
The residue was taken up in absolute alcohol and titrated with alcoholic potassium hy- 
droxide using phenolphthalein as an indicator. The precipitated potassium chloride 
was filtered off and, after removal of the alcohol, the free bases were fractionated. 
Yields of 7-9 g. (30-38%) of 3-ethylpiperidine7 b, p. 148-152", and 10-14 g. (38-52%) 
of material boiling a t  105-120' (3 mm.), which on cooling solidified, were obtained. 
This solid was extracted with 50 cc. of boiling absolute ether and the ethereal solution 
filtered. After three such extractions and filtrations a residue of the higher melting 
isomer, m. p. 103-104°, remained. The yield of this isomer amounted to 2-2.5 g. 
Calcd. for CzHleON: C, 65.2; H, 11.70; acetyl value 2. Found: C, 64.9; H, 11.70; 
ac. v., 1.91. The hydrochloride of this isomer melted a t  152-153O. Calcd. for CrHls- 
ONCI: C1, 21.45. Found: C1, 21.17. 

The ethereal extracts obtained above were saved and several of them worked up 
together. After removal of the ether by distillation, the remaining residue was distilled. 
I t  boiled at  116-119° (5 mm.) and solidified on cooling. A 16.5-g. sample recrystallized 
from dioxane yielded 10 g. of material, m. p. 56-60". The melting point of this com- 
pound could be raised to 58-61" by further recrystallizations. Calcd. for C7Ht6ON: 
C,65.2; H. 11.70; acetyl value,2. Found: C, 65.1; H, 11.62; ac. v., 1.99. This 
isomer gave a hydrochloride which could not be caused to crystallize. 

a-(I-Alkyl-3-piperidyl)-ethyl Benzoate Hydrochlorides.-These compounds were 
prepared by first heating 2 moles of the higher melting 3-piperidylmethylcarbinol with 
1 mole of the appropriate alkyl halide in dioxane solution for a few hours on a steam- 
bath. After cooling, the reaction mixture was diluted with absolute ether and the pre- 
cipitated carbinol hydrohalide filtered off. The solvent was removed from the filtrate 
by distillation and the residue warmed with a 30% excess of benzoyl chloride. The re- 
sulting reaction mixture was diluted with ether, the precipitated hydrochloride taken 
up in absolute alcohol and caused to crystallize by the careful addition of ether. The 
compounds which were prepared are summarized in Table I. The phenylbutyl deriva- 
tive is omitted because no crystalline salt could be prepared from it. 

Compound 
Type 111 

R is Formula 
Analyses, C1, 70 

M. p., OC. Calcd. Found 

Benzyl CziHzeOzNCl 199-200 9.86 9 .88  
8-Phenylethyl CzzHzsOzNC1 196-198 9.49 9 .52  
y-Phenylpropyl CZSH~OOZNC~ 158-159 9.16 9.14 
e-Phenylamyl C~Ha40zNC1 141-142 8 .55  8 .65  
12-Hexyl ClzoHsnOzNCl 142-144 10.04 10.07 

(6) This compound has been imperfectly described by Hardy and Calmels, Bull. soc. chim.. 48, 
230 (1887). 

(7) The hydrochloride melted at 140-141°; cf. Giinther, Bey., 31, 2140 (1898). The acetyl value4 

of the free base was 1.03. 
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y-(3-Ethy1piperidino)-propyl Benzoate Hydrochloride.-This compound was pre- 
prepared from 3-ethylpiperidine and chloropropyl benzoate by a procedure previously 
de~cribed.~ It melted at 164-165'. Calcd. for C I ~ H ~ ~ O Z N C ~ :  C1, 11.38. Found: 
C1, 11.33. 

The Hydrochloride of or-(6-Pyridy1)-ethyl Benzoate and pNitrobenzoate.-0- 
Pyridylmethylcarbinol was benzoylated by mixing with a slight excess of benzoyl chlo- 
ride and allowing to stand a t  room temperature. The reaction mixture became very 
hot and darkened considerably. On cooling it solidified. The resultant mass was 
recrystallized from an alcohol-ether mixture. The yield of a-(p-pyridy1)-ethyl benzoate 
hydrochloride, m. p. 175-176", was 85% of the theoretical. Calcd. for C I ~ H ~ ~ O ~ N C ~ :  
C1, 13.47. Found: C1, 13.40. 

The p-nitrobenzoate hydrochloride was prepared by heating the carbinol with p- 
nitrobenzoyl chloride in benzene solution for four to five hours. The precipitated 
hydrochloride after recrystallization from alcohol melted a t  199-200'. Calcd. for 
C14H1304N2C1: C1, 11.50. Found: C1, 11.37. 

or-(pPyridy1)-ethyl p-Aminobenzoate.-The catalytic reduction of the above 
p-nitrobenzoate was unsuccessful, presumably on account of simultaneous reduction of 
the pyridine ring. However, it was readily reduced to the p-aminobenzoate in 75% 
yields by iron powder and dilute hydrochloric acid. No crystalline salt of this com- 
pound could be obtained so it was purified by distillation and recrystallization. It 
boiled a t  227-230' (4 mm.) and, after recrystallization of the distillate from dilute al- 
cohol, it  melted a t  100-101'. Calcd. for C14H,401N2: C, 69.4; H, 5.82; N, 11.57. 
Found: C, 69.7; H, 5.73; N, 11.38. 

Pharmacological Report 

The local anesthetics prepared in the course of this work are being studied 
pharmacologically by Dr. K. K. Chen and Mr. Charles L. Rose of The Lilly 
Research Laboratories, Indianapolis, Indiana. A preliminary report on 
the pharmacological properties of these compounds is summarized in 
Table 11. 

The durations of anesthesia were determined in the usual way by applica- 
tion of a 1% solution of the anesthetic to a rabbit's cornea. Toxicities are 
reported as subcutaneous to white mice and intravenous to white rats. 

Compound 

Benzyl 
6-Phenylethyl 
y-Phenylpropyl 
y-Phenylamyl 
n-Hexyl 
VIII 
IX 
X 
Cocaine 
Procaine 

Av. duration 
of corneal 
anesthesia, 

Min. % soln. 

68 1 
40 1 
83 1 

180 1 
72 1 
15 1 
43 1 

0 1 
29 2 
0 2 

Subcutaneous 
toxicity 

(mg. kg.) 
M. L. D. 

200 
1000 
1000 

Intravenous 
toxicity 

(mg. kg.) 
M. L. D. 

10 
35 
45 
40 
32 
3 0 

100 
110 
17.5 
40 
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The benzoates of a-(1-alkyl-3-piperidy1)-ethyl alcohols are designated in 
Table I1 by the substituent alkyl groups as in Table I. 7-(3-Ethylpiperi- 
dino)-propyl benzoate, a-(0-pyridy1)-ethyl benzoate and a-(0-pyridy1)- 
ethyl 9-arninobenzoate are designated by the numerals VIII, I X  and X, 
respectively. Since the latter compound was furnished as the free base, 
it was put into solution by titration with one equivalent of hydrochloric 
acid. Cocaine and procaine are included in the table for comparison. 

Discussion of the Pharmacological Data 

I t  is seen from the above data that the phenyl alkyl substituents in this 
type of structure produce anesthetics of relatively high potency. It should 
be noted, however, that the highest value is obtained with the phenylamyl 
derivative, a fact which fails to agree with the previous observation'" that  
maximum anesthetic effects were produced when the phenyl radical was 
attached to the nitrogen atom by less than five carbon atoms. Also a 
comparison of the anesthetic activity of the phenylethyl derivative in the 
above table with 1-phenylethyl-4-piperidyl benzoaterb indicates that  the 
substituent methyl group in the carbon chain between the nitrogen atom 
and the benzoyloxy group decreases rather than increases the anesthetic 
activity of the compound. 

The 3-ethylpiperidinopropyl benzoate (VIII) shows approximately the 
same order of pharmacological activity as the corresponding methyl- 
piperidino compo~nds.~ 

The anesthetics derived from P-pyridylmethylcarbinol (IX and X) show 
the most unusual and unexpected pharmacological behavior. It is seen 
that the benzoate (IX) produces considerably longer anesthesia in ly0 
solution than does cocaiile in 2y0 solution. At the same time its toxicity is 
exceedingly low, being less than half of that of procaine. However, this 
compound produced considerable irritation of the rabbit's eye, presumably 
on account of the acidity of the salt of such a weak base. I t  was for this 
reason that the corresponding p-aminobenzoate (X) was prepared and used 
as a monohydrochloride. This change in structure did not decrease the 
irritating qualities of the compound but it did completely destroy its 
anesthetic action on mucous surfaces. The p-aminobenzoate did, however, 
produce considerable anesthetic effect when injected intracutaneously. 
Its most surprising property was the extremely low intravenous toxicity, 
which was found to be even less than that of the benzoate. The pharmaco- 
logical behavior of this compound is completely out of line with past 
observations.9 These have definitely pointed to the generalization that  $- 
aminobenzoates produce at  least as much anesthetic effect as the corre- 
sponding benzoates and are generally considerably more toxic. 

(9) In agreement with this behavior, however, is the recorded experiment [Ehrlich and Einhorn, 
Ber., 27, 1870 (1894)j that the introduction of an amino group into the benzoyl radical of cocaine 
causes inactivation. 



Summary 
The following reduction products have been isolated from the catalytic 

reduction of p-acetylpyridine: ethylpiperidine, two diastereoisomeric forms 
of 3-piperidylmethylcarbinol and 0-pyridylmethylcarbinol. 

A group of new local anesthetics has been prepared from these reduction 
products. The data which are presented show that these anesthetics, par- 
ticularly those derived from @-pyridylcarbinol, possess unusual and 
interesting pharmacological properties. 

MADISON, WISCONSIN RECEIVED AUGUST 19, 1932 
PUBLISHED FEBRUARY 9, 1933 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF SWARTHMORE COLLEGE] 

Organic Selenium Compounds. 11. A New Type of Aromatic 
Selenium Halide 

Introduction 
There are, at the present time, four types of organic selenium halides de- 

scribed in the literature: (1) RSeX, in which R is aromatic; (2) RR'SeX2, 
in which R and R' are either di-aryl or alkyl-aryl; (3) R3SeX, in which R is 
aryl only; and (4) RSeX3. The only reported case of this last type is Shaw 
and Reid's ethyl selenium tribromide, C2HsSeBr3,l no aromatic compounds 
of this type and no analogous compounds in which X is another halogen 
than bromine having been prepared. This list does not include halogen 
acid addition compounds, such as RSe02H-HC1, but only true halides. 

In the course of an investigation of the reactions of the first three types 
of halides mentioned, to'be reported in a later paper, the formation of 
phenyl selenium tribromide, the first example of an aromatic compound 
of the last-mentioned class, has been observed, the analogous phenyl 
selenium trichloride, CeHsSeCl3, has also been prepared, and an unsuccess- 
ful attempt made to prepare phenyl selenium triiodide, which is too un- 
stable to exist under ordinary conditions. The various synthetic methods 
employed with these compounds and some of their reactions indicate that 
they are halogen salts of a selenonium base, C6H6Se(OH)3, the ortho form of 
ordinary benzene seleninic acid, CsH6SeOOH. 

Outline and Discussion of the Present Investigation 

(1) Phenyl selenium tribromide, CaHGSeBr3, was first observed as a 
by-product formed during the preparation of phenyl ethyl selenium di- 
bromide, (CeHs) (CzHs) SeBr2, from phenyl ethyl selenide, (CeHG)Se(GHs) 

(1) Shaw and Reid, THIS JOURNAL, 48, 626 (1926). 
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and bromine by the method of Edwards, Gaythwaite, Kenyon and Phillips2 

The equation for this reaction is 

When the phenyl ethyl selenide was that which liad been prepared by re- 
generation from phenyl selenium monobromide, CeHsSeBr, by means of mag- 
nesium and ethyl bromide (the details for this reaction are given in the Ex- 
perimental Part of this paper) and when the reaction mixture was allowed to 
become warm from the heat of the reaction, a second product was formed, 
which appeared from the recrystallizing solvent as rose colored needles 
and was identified as C6H6SeBr3. The explanation of its formation is 
probably as follows. The investigators mentioned above have shown that 
phenyl ethyl selenium dibromide decomposes above its melting point 
(86') to phenyl selenium bromide and ethyl bromide. 

I have observed that this reaction also takes place slowly at room tem- 
perature and fairly rapidly even a t  the boiling point of ether. Thus, if, 
during the bromination of phenyl ethyl selenide, the mixture is not cooled, 
some C6H6SeBr will be formed. This can then react directly with bromine 
to form C6HSSeBr3. 

C6HsSeBr + Brz = CeH5SeBrp ( 3 )  

It is also possible that there was still some CsH6SeBr in the solution used, 
which had not been acted upon by the magnesium, and this would also 
be converted to C6H5SeBr3. 

Assuming that reaction (3) really took place, I was able to  prepare 
phenyl selenium tribromide in good yield by treating an ether solution of 
C6H5SeBr with the calculated quantity of free bromine. 

(2) Phenyl Selenium Trichloride, C6H,SeCla.-No chlorine com- 
pounds of this type have been prepared, but they should, since the bromine 
analog was found to be so stable, be easily capable of existence and of 
preparation by one of three different methods: (a) by the pyrolytic de- 
composition of phenyl ethyl selenium dichloride and treatment of the 
product with chlorine 

(CeH6)(CzH6)SeClz + (heat) = (C6H~SeCl) + CtH6C1 (4) 
(CaH~Secl) + Clz = C6H6SeCls (5) 

(b) by the displacement with chlorine of the bromine in C6H5SeBr3 
2C6HbSeBra + 3C12 = 2CsH5SeC12 + 3Brz (6) 

and (c) by the action of chlorine on C6H5SeBr 

All of these reactions were tried and all gave good yields of the rather 
unstable, pale yellow solid, CsH$eCl3. 

(2) Edwards, Gaythwaite Kenyon and Phillips, J. Chem. S o i  , 2302 (?928? 



A fourth possible reaction, that of thionyl chloride on benzene seleninic 
acid, failed to give the same product 

C6H6SeOOH + 2SOC12 = C6H6SeC13 + HCI + 2SO2 (8) 

(3) Attempted Preparation of Phenyl Selenium Triiodide, CsH5Se13.- 
Iodides of the type RzSeIz have been described by Edwards, Gaythwaite, 
Kenyon and Phi l l ip~,~ and those of the type R3SeI by Leicester and Berg- 
~ t r o m . ~  Both were prepared by the action of soluble iodide (KI) on water 
solutions of other halides. Potassium iodide solution was therefore added 
t o  a water solution of C6H5SeBr3. A brown precipitate formed which 
decomposed within ten seconds leaving an oil which appeared to contain 
free iodine. Potassium iodide also reacted with (CaHa)(CzHs)SeBrz, but 
the product was a dark oil with the odor of phenyl ethyl selenide. Free 
iodine was without action on organic solutions of CeHSSeC2Hb. It seemed 
obvious from these experiments that phenyl selenium triiodide can have no 
more than a transient existence under ordinary laboratory conditions. 

(4) Properties of the Triha1ides.-Phenyl selenium tribromide, m. p. 
105-106°, is a rose-red solid crystallizing in circular clumps of fine needles. 
It is moderately soluble in all the ordinary organic solvents except ether, 
petroleum ether and carbon disulfide, in which i t  is sparingly soluble. 
The solutions are brownish-red, evolve bromine a t  the boiling point, 
and, on long standing, hydrogen bromide. The residue, after removal of 
the solvent, is a dark oil not identified. The dry substance decomposes 
slowly on standing, its melting point dropping, but no definite product 
has been identified. The substance is very soluble in water to give a 
c o n z ~ l e t e l y  colorless solution, from which all the bromine can be precipitated 
by silver nitrate. It is completely stable in water. A solution which stood 
for more than a week evolved no hydrogen bromide, but all the water evapo- 
rated, and unchanged C6H5SeBr3 remained. The compound has a faint 
disgusting odor. 

Phenyl selenium trichloride is a pale yellow solid, m. p. 133-144O, prob- 
ably white when perfectly pure, crystallizing in short fat prisms. It is 
much less stable than the tribromide, becoming gummy in a few minutes 
with loss of hydrogen chloride and chlorine in contact with the air. It 
can be kept under concd. hydrochloric acid or in a desiccator in an at- 
mosphere of hydrogen chloride gas or of chlorine. Its solubility is similar 
to  the tribromide, organic solutions being pale yellow and the water solu- 
tion colorless. It also apparently does not hydrolyze. A small quantity 
on a watch glass stood in contact with water for several days. At first i t  
dissolved until saturated. The residue changed to an oil and an oil was 
left when the water evaporated, the same behavior i t  exhibited when 
standing alone in a desiccator. There was no sign of CsH5SeOOH, which 
would be expected to be the hydrolysis product and which is rather spar- 

(3) Leicester and Bergstrorn, Tars JOURNAL. 63, 4433 (1931). 
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ingly soluble. The trichloride is almost odorless and all three chlorine 
atoms can be precipitated by silver nitrate from water solution. 

These trihalides might be expected to be the acyl halides of the ortho 
form of benzene seleninic acid, C6HsSe(OH)s. They do not, however, 
behave like acyf halides of an acid as strong as benzene seleninic, nor do 
they seem to be formed by reactions which would be expected to give 
benzene seleninyl chloride. It can be said, at least, that the action of 
thionyl chloride and of phosphorus pentachloride on CsHESeOOH and on 
C6855e00Xa, respectively, does not yield benzene sclcnium trichforide, 
but gives mixtures of solids melting over a rather broad range much higher 
than the melting point of C6H6SeC13 (in the neighborhood of 17Q0). Jack- 
son4 also treated benzyl seleninic acid with phosphorus pentachloride, but 
he did not investigate the product, so there is no way of knowing whether 
or not it was a trichloride. Although we have seen that neither trihalide 
hydrolyzes in water, as acyl halides would be expected to do, yet treatment 
of either with one equivalent of sodium hydroxide does produce benzene 
seleninic acid 

cf,H~Se& f 3NaOH = GHjSeOOH f Hz0 + 3NaX (9) 

I t  seemed possible that solutions of benzene seleninic acid might contain 
CsHsSe(OH)3, formed by the addition of one molecule of water to the acid, 
which would then ionize as a base to give CCH&3e+++ and 3 OH-. If this 
were true, i t  should be possible to prepare the trihalides by the action of 
aqueous hydrohalogen acids on benzene seleninic acid. Some difficulty 
was presented by the fact that these halides are so very soluble, while the 
acid is only sparingly so. However, by using a large excess of ammonium 
bromide to provide a common ion for mass action effect, in the one case, 
and in the other by saturating the solution with hydrogen chloride gas, 
good yields of both trihalides have been obtained from C6H5SeOOH solu- 
tion and aqueous hydrogen bromide or hydrogen chloride. 

CeHsSeOOH f 3HX = CGHSS~X~ + 2H20 (10) 

This was also the manner in which Shaw and Reid1 obtained ethyl selenium 
tribromide. The inference is that ortho benzene seleninic acid is a base, 
and if this is true the well-known acid addition products of this acid, like 
C~HSS~OOH-HNO~, would more properly be written as true salts, with a 
molecule of water of crystallization, e. g., C6HsSeONOs-H20, or as basic 
salts, CsH5Se(NOs) (OH)z. 

Experimental Part 
I. Materials 

Phenyl Ethyl Selenide, CsHGSeCzHs.--This substance was prepared by the method 
described in the first paper of this series,6 and also by the Grignard reaction, without 
isolating selenophenol, as follows. CGHsSeMgBr was made from 157 g. of bromobenzene, 

(4) Jackson. Xnn., 179, 14 (1875). 
(5)  Foster and Brown, Tnrs JOURNAL, 60, 1184 (1928). 



24 g. of magnesium and 79 g. of selenium powder in the usual manner.6 To the ether 
solution obtained was added from a dropping funnel 156 g. of ethyl iodide or 109 g. of 
ethyl bromide mixed with an equal volume of absolute ether. The mixture was refluxed 
on a water-bath for one hour, then decomposed with ice and hydrochloric acid in the 
usual manner and the ether layer separated. The solution was washed with a total of 
60 g. of sodium hydroxide in 200 cc. of water, in three portions. By acidification and 
extraction with ether, some selenophenol could be recovered from this extract The 
main ethereal solution was dried over calcium chloride, the ether distilled off and the 
residue distilled. The fraction boiling a t  215-216' was collected as phenyl ethyl 
selenide. There were obtained 85 g. or 46% of the theoretical amount, also 25 g. of 
products boiling between 300 and 305O, which was mainly diphenyl selenide, and from 
the alkaline extracts 16 g. of selenophenol. The total yield of all products was 77%. 
Since all the products were of use, this compares favorably with the other method men- 
tioned and saves much time. 

Phenyl Ethyl Selenium Dibromide, (CsH5)(C,Hs)SeBrz, was prepared by the 
action of bromine on phenyl ethyl ~elenide.~ When this compound was recrystallized 
from ether it was reddish-yellow and had a melting point of 81 ". From carbon tetra- 
chloride-petroleum ether mixture it gave lemon yellow prisms, m. p. 81--83 ', if melted 
slowly, giving a red liquid that did not solidify on cooling. If heated rather rapidly 
it melted sharply at 86' to give a yellow liquid that solidified on cooling. The sample 
investigated by Edwards, Kenyon, Gaythwaite and Phillips must have contained a small 
amount of the decomposition product, CaHsSeBr, accounting for the slightly lower melt- 
ing point (81 ') and reddish color which they report. 

This compound was analyzed by dissolving in dilute nitric acid (5 cc. of concd. in 
100 cc. of water) and precipitating with silver nitrate, and also by fusion in a Parr bomb. 

Anal. I (HNOl method) Calcd. for 1 atom Br in CrHlaSeBrz: 23.18. Found: 
Br, 22.69. I1 (Parr bomb) Calcd. for total Br in CsH,oSeBrz: 46.36. Found: Br, 
46.32. 

These results show that only one of the two bromine atoms dissociates in water. 
Phenyl Ethyl Selenium Dibromide from Phenyl Selenium Monobromide.-Since 

phenyl ethyl selenium dibromide decomposes on standing (Reaction 2), it was desirable 
to find a satisfactory method of recovering it. This was readily accomplished as fol- 
lows: 25 g. of the decomposition product, CsH5SeBr, was dissolved in 100 cc. of absolute 
ether and 15 g. (50% excess) of ethyl bromide added; 2.5 g. of magnesium powder and a 
pinch of magnesium-copper couple were dropped in. After gentle warming, the ether 
refluxed spontaneously. When the reaction had subsided, the mixture was refluxed 
for two hours, until the dark red color had disappeared. I t  was then shaken with an 
equal volume of ice and saturated ammonium chloride solution, separated and dried 
over calcium chloride. When a few drops of this solution were evaporated on a watch 
glass, a liquid with the characteristic odor of phenyl ethyl selenide remained 

CaH6SeBr + Mg + C2H5Br = CaH5SeC2H5 + MgBrz (12) 
This ether solution was filkred and treated with a slight excess of bromine in the 

usual manner. The resultant yellow solid was filtered off and recrystallized from carbon 
tetrachloride-petroleum ether mixture (3-1) ; 3 g. of CsH5SeBr3 and 32 g. or 89% of the 
theoretical quantity of (CaH5)(CzHs)SeBrz were obtained; m. p. of the latter, 85-86O. 
Mixed m. p. with a sample made as described in the previous paragraph, 84-85O. 

Phenyl ethyl selenium dichloride, ( C ~ H ~ ) ( C Z H ~ ) S ~ C ~ Z ,  was prepared by the method 
described in the earlier paper.7 

(6) Taboury, Ann. chim. phys., 15, 6 (1908). 
(7) Ref. 5,  p. 1187. 
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Benzene seleninic acid was prepared as described by Pyman." 
Phenyl selenium bromide, CeWbSeBr, results from the decomposition of phenyl 

ethyl selenium dibromide on standing, boiling for five to eight hours in ether or carbon 
tetrachloride, or heating just above the melting point.2 

11. Preparation of Phenyl Selenium Trihalides, C&bSe& 

1. Phenyl Selenium Tribromide, C6HSeBrs.-(a) The substance appeared as a 
by-product in the preparation of phenyl ethyl selenium dibromide described in the fore- 
going section; rose-red needles, m. p. 105-106". Analysis was accomplished simply by 
dissolving a sample in water and 5 ce. of dilute nitric acid and precipitating the bromine 
with silver nitrate. 

Anal. Calcd. for C6HsSeBr3: Br, 60.0. Found: Br, 60.4. 
(b) From Phenyl Selenium Monobromide.-Thirteen grams of CsHsSeBr was dis- 

solved in 50 ec. of dry ether and 9 grams of bromine dissolved in 20 cc. of carbon disulfide 
added slowly from a dropping funnel to the mixture cooled in an ice-water bath. A red 
solid precipitated, which was filtered off, washed with dry ether and sucked dry on the 
funnel; m. p. 105-106"; yield, 15.5 g .  or 70% of the theoretical; mixed m. p. with sample 
described in the previous paragraph, 105-106'. 

(c) From Benzene Seleninic Acid and Aqueous Hydrogen Bromide.-110 cc. of the 
mother liquor obtained in preparing C~HKS~OOH from its hydronitrate was used in this 
reaction.8 It contained about 4 g. of CeHSeOOH and 1 equivalent of ammonium ni- 
trate; 70 g. of ammonium bromide was dissolved in it and the solution filtered free from 
dirt. Thirty cc. (goy0 excess) of constant-boiling hydrobromic acid was now added 
slowly. At first a yellow precipitate appeared, which rapidly turned red. The solid 
was filtered off, dried in a desiccator and recrystallized from carbon tetrachloride; 5.2 
g. was obtained. Upon adding 50 cc. more hydrobromic acid to the filtrate, 2.8 g. more 
of solid was obtained; total yield, 95% of the theoretical; m. p. 105-106"; mixed m. p. 
with CaHsSeBra, 105-106 O. 

2. Phenyl Selenium Trichloride, CaHsSeCls 
(a) From Phenyl Selenium Tribromide.-Five grams of CsHsSeBra was dissolved in 

50 cc. of dry ether and chlorine bubbled in from a tank until all the color of the liberated 
bromine had disappeared. Much heat was developed and the ether boiled. On cooling 
a yellowish granular solid came out, which was filtered off, washed rapidly with dry 
ether and dried in a desiccator. It was recrystallized by dissolving in boiling benzene, 
then cooling in ice and saturating with dry hydrogen chloride, or, by adding a little 
carbon disulfide to the solution, the solid slowly crystallized out in short, fat prisms 
without adding hydrogen chloride, but the yield was smaller; yield, 3 g. of crude material, 
or 91% of the theoretical; m. p. 133-134" (dec.). 

Analyses were made by the same method used for the tribromide, but since the tri- 
chloride is so unstable, it was always gummy by the time it had been transferred to the 
weighing bottle in which it was weighed, and the analyses were always somewhat too low. 

Anal. Calcd. for CsH&3eCls: C1,40.57. Found: C1,39.45,39.47. 
(b) From Phenyl Selenium Monobromide.-0.7 g. of CsHbSeBr was dissolved in 

about 10 cc. of dry ether in a test-tube, cooled in ice and chlorine bubbled in until satu- 
rated. A yellowish granular solid appeared. On attempting to filter, the ether caught 
fire spontaneously as soon as it came in contact with the air and most of the product was 
destroyed. About 0.2 g. was saved; m. p. 133-134" (dec.); mixed m. p. with sample 
obtained as in above paragraph, 133-134' (dec.). 

(c) From Benzene Seleninic Acid and Aqueous Hydrochloric Acid.-Ten grams of 
CaH6SeOOH was dissolved in 120 cc. of water to make an approximately satlirated 

(8) Pyman, J .  Chem. Soc., 116, 166 (1919) 



solution a t  0°, cooled in an ice-bath and saturated with hydrogen chloride gas. Toward 
the end of the reaction a solid came out, which was rapidly filtered on a Buchner funnel, 
using a mat  made of the solid instead of filter paper, and refiltering the solid that went 
through while the mat was being prepared. Decomposition was checked by cooling 
all the filtering apparatus in ice water before using. The product was washed with cold 
concd. hydrochloric acid and dried in a desiccator over sulfuric acid. The yield was 
23 g. or upwards of 200%, but the solid was later found to  be full of water saturated with 
hydrochloric acid, which could not be removed by further drying. From the results of 
a rough chlorine analysis made on this wet substance, the yield was calculated to  be ap- 
proximately 80% of the theoretical. Five grams was dissolved in hot benzene and sepa- 
rated from the water by decanting through a filter wet with benzene, then saturated 
with hydrogen chloride and cooled, filtered and dried; m. p. 134"; mixed m. p. with 
sample described above, 13%-134", both with decomposition. 

Anal. Calcd. for CsH5SeC18: C1,40.57. Found: C1,39.44. 
(d) From Phenyl Ethyl Selenium Dich1oride.-Twenty-three grams of phenyl ethyl 

selenide was converted in a flask to (CGH~)  (C2H&3eC126 and the ether and excess chlorine 
removed by pumping. The flask was heated to  80' in a Wood's metal bath. Efferves- 
cence occurred and the escaping gas was collected over water, a t  25" and 760 mm. 
When effervescence had ceased, 2050 cc. of gas had been collected. The gas had the 
characteristic odor of ethyl chloride and gave a white precipitate with alcoholic silver 
nitrate. This volume of gas corresponds to about 6.5 g. of ethyl chloride or 81.4% of the 
calculated quantity, based on 23 g. of phenyl ethyl selenide. A yellow oil remained in 
the flask, which was, or contained, presumably, CoHSeCl, but no attempt was made to  
isolate this compound, because of the belief tha t  i t  might be unstable and the supply of 
material was limited. It was dissolved in 100 cc. of dry ether and saturated cold with 
chlorine. A yellowish, granular solid came out which was filtered off and recrystallized 
as described above; m. p. 133-134' (dec.); mixed m. p. with sample described above, 
133-134" (dec.). 

111. Treatment of Trihalides with Sodium Hydroxide 

( 1 )  C6HsSeBra.-Eight grams of C6H6SeBr3 was added to a solution of 3.4 g. (3 
moles) of sodium hydroxide dissolved in 25 cc. of water. Much heat was developed. The 
solution was filtered free from a trace of oily material and allowed to  cool. A white 
crystalline solid came out which was filtered off and dried; m. p. 121-122" (m. p. CsHh- 
SeOOH, 122-124"); yield, 3.5 g. or 87% of the theoretical. No CsH6SeOOH was a t  
this time available, so part of the solid was dissolved in concd. nitric acid and warmed 
on the steam-bath until i t  was colorless. On cooling and seeding with a crystal of 
CeHaSeOOH.HNOr, prepared by the oxidation of diphenyl diselenide with nitric acid, 
the whole set to  a white crystalline mass. It was filtered off, washed with cold water and 
dried in a desiccator; m. p. 110-112"; mixed m. p. with C6HsSe00H.HNO3, 110-112°. 

(2) Cd16SeC18.-Eight and a half grams of the trichloride was treated with 4 g. of 
sodium hydroxide exactly as described above: 8 g. or 79% of the theoretical was ob- 
tained; m. p. 121-122°; mixed m. p. with sample described above, 121-122". 

The trihalides decompose when heated above their melting points, giving off hydro- 
halogen acid and leaving a dark oil which is uncrystallizable but reacts with cold water to  
give a very slightly soluble white crystalline solid, m. p. 162", without decomposition. 
This compound is under investigation. 

Summary 
I. Phenyl selenium tribromide and phenyl selenium trichloride have 

been prepared by a variety of methods and their properties are described. 
Phenyl selenium triiodide could not be prepared. 
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2. The methods of preparation and reactions of these substances in- 
dicate that they are halogen salts of the hypothetical ortho benzene 
seleninic acid, C6H6Se(OH)3, and that this latter cornpound has basic 
properties. 

SWARTHMORE, PENNSYLVANIA RECEIVED AUGUST 20, 1932 
PUBLISHED FEBRUARY 9, 1033 

Studies in the Chlorophyll Series. X. The Esters of 
Chlorin e 

The structure of chlorin e has been established by a variety of transforma- 
tions as dihydroisorhodoporphyrin glycolic acid (Formula I).2 

When esterified with diazomethane, hydrochloric acid and methyl alcohol 
or by the action of dimethyl sulfate on the potassium salt, a trimethyl ester 
is formed. The identity of these esters has been investigated by converting 
them into the copper and zinc complex salts and taking mixed melting 
points. The results indicated that all the esters are identical. The com- 
plex metal salts of the esters of chlorin e are very suitable for the characteri- 
zation of these compounds as they have sharp melting points; however, 
in our opinion all ~dentification by mixed melting points in the chlorophyll 
series must be accepted with some reservation. Since this work was 
completed, a paper by Fischer and Siebe13 has appeared in which the 
identity of these same esters was concluded from the mixed melting points 
of the esters themselves, and from their transformations with hydrogen 
iodide. 

On hydrolysis with alkali, the trimethyl ester regenerates chlorin e. 
The saponification was carried out a t  room temperature and in an  at-  
mosphere of nitrogen to avoid the possibility of oxidation. The sole 

(1) Henry Fund Fellow at Harvard University. 
(2) THIS JOURNAL, 55, 795 (1933). 
(3) Fischer and Siebel, Ann., 499, 84 (1932). 



product was a crystalline chlorin e which on oxidation with molybdicyanide 
gave an almost quantitative yield of carbon dioxide; the other product of 
the reaction was chlorin k. This reaction is characteristic of the grouping 
-CHOHCOOH as has been shown in a study of chlorin e prepared from 
phae~phorbide.~ The analysis of this regenerated chlorin e corresponds 
closely to the empirical formula c34H36N406 while the material prepared 
from phaeophorbide usually has the composition C34H38N40~. In spite of 
this difference in analysis we are convinced of the essential identity of the 
two materials because of their identical behavior in the rather specific 
reaction with molybdicyanide. This reaction excludes the possibility that 
in the esterification of chlorin e the secondary alcohol group has been reduced 
to a CH2 group as a t  one time postulated by Fischer4 in order to account 
for the analyses of the trimethyl ester and the regenerated chlorin e. As 
will be shown in the course of this paper, the behavior of chlorin e and its 
esters indicates that the characteristic grouping of these compounds is 
> CHCHOHCOOH(R) which in most instances is in equilibrium with 
>C===CHCOOH(R). Whether the hydrated or unhydrated form will be 
obtained as the isolated material may be expected to depend on slight 
variations of procedure. There is also the possibility that stereochemical 
modifications of chlorin e exist, both of which in solution are hydrated but 
one of which can be isolated in the solid state only as the unsaturated com- 
pound (dehydrated). 

The most probable formula for the trimethyl ester is that of an un- 
saturated ester (11), a possibility previously suggested in a paper from this 
Labora t~ry .~  

In his most recent paper Fischer3 has also considered the possibility of 
the trimethyl ester being an unsaturated ester. He has pointed out that 
the addition of water to such a system might proceed so that the hydroxyl 
group is attached to the a carbon, instead of to the P carbon (formula 11) 
as would normally be expected. The presence of two pyrrole nuclei might 
direct the addition in this manner. 

To obtain further evidence in regard to  the structure of the trimethyl 
(4) Pischer, Moldenhauer and Siis, Ann., 486, 126 (1931). 
(5) Catherine C. Steel, THIS JOURNAL, 63, 3174 (1931). 
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ester of chlorin e we have prepared two different monomethyl esters One 
of these (the beta ester) is formed by the partial methylation of chlorin e 
with diazomethane; the other (the alpha ester), by the partial hydrolysis 
of the trimethyl ester. On treatment with diazomethane in excess they 
are both converted into the trimethyl ester (identity established by mixed 
melting points of the copper derivatives) On ethylation with diazoethane 
they yielded two different diethyl methyl esters each having a copper 
derivative with a characteristic melting point. On further hydrolysis, 
the alpha ester (obtained by hydrolysis from the trimethyl ester) yields 
chlorin e. 

By controlled hydrolysis of the trimethyl ester in cold 12% hydrochloric 
acid we have obtained a dimethyl ester, which appears to be different from 
the dimethyl ester obtained by Fischer and Siebe13 by partial methylation 
with methyl alcohol and hydrochloric acid. 

The structure of the alpha ester is established by the following facts. 
I t  is oxidized by molybdicyanide but no carbon dioxide is evolved; the 
product of oxidation (a new chlorin) on treatment with diazomethane yields 
only a diester. On pyrolysis the alpha ester readily loses only one mole of 
carbon dioxide yielding a monomethyl ester (a chlorin) which on treatment 
with diazomethane is methylated to a diester. If one considered only 
these reactions one would write formula I11 for the essential grouping 
in the molecule; the analytical data show, however, that a molecule of 
water has been lost; the anhydro form IV, therefore, suggests itself as the 
most probable formula. 

0 

(Anhydro form) 
IV 

In solution the two forms would have to be interconvertible in order to ex- 
plain the oxidation results; the mode of addition of a molecule of water was 
discussed in a preceding paragraph. Since the oxidation product of the 
alpha ester forms only a diester it must be analogous to chlorin k.2 The 
keto group formed by the oxidation enolizes and the grouping >c=c(oH)- 
COOCHB on the bridge then loses water with the carboxyl group in the beta 
position. Formula V thus formulates the groups in this compound. The 
pyrolysis product of the alpha ester would have the grouping shown in VI. 
The analytical data correspond to these formulas. 



v VI 
Monomethyl ester of chlorin k Monomethyl ester of pyrochlorin e 

carboxylic acid carboxylic acid 
(oxidation product of alpha ester) (Pyrolysis product of alpha ester) 

The structure of the beta ester is established by the fact that on oxida- 
tion with molybdicyanide, carbon dioxide is evolved. Unfortunately, the 
product which should be an aldehyde could not be isolated as it seemed to 
form an insoluble complex with the reagent. Experiments designed to 
obtain this interesting compound by the use of other oxidizing agents are 
in progress. On pyrolysis the beta ester loses carbon dioxide and yields a 
mixture of compounds from which an unidentified monomethyl ester of a 
porphyrin and a monomethyl ester of chloroporphyrin e4 both of which were 
alkali soluble, were obtained. The fact that an ester of the latter porphyrin 
which contains a carboxyl group directly attached to the pyrrole ring was 
obtained after a drastic pyrolysis shows that the beta carboxyl group must 
have been esterified. This fact together with the oxidation results con- 
clusively places the methyl group on the carboxyl group directly attached 
to  the pyrrole ring. Like the alpha ester, however, the analyses of the 
beta ester indicate that the solid is an anhydro compound. In solution 
we must imagine that there is an interconversion of forms VII and VIII. 

CH3-COOCH3 

// I1 
C H 3 ~ C O O C R a  

~ H ~ " ' F ' \ C ~ - ~ H O H C ~ ~ H  

il jJ 
/'N \ 

I CH2 H C==CHCOOH - 1 - 1 4- Hz0 
N J - - , ~ ~ z c ~ 2 ~ ~ ~ ~  
\_I 

I/ CH3 

VII VIII 

The positions of the methoxyl groups in the two isomeric monomethyl 
esters can be considered as well established; 

CH3-COOCH3 

I/ I the nature of the anhydro linkage may be 

CH2/'N'\ regarded as possibly less certain. , H C=CH--CO@CH, The structure of the dimethyl ester ob- 
tained by acid hydrolysis is established by 

CHzCH2C00H these facts: its analysis corresponds to NkllcH3 C36H4006N4, it is not oxidized by molybdi- 
IX cyanide, and does not yield carbon dioxide 
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on pyrolysis. It differs therefore frorn the trimethyl ester in that the pro- 
pionic acid group is free (IX). 

We have examined the behavior of the various esters of chlorin e in the 
"phase test." In addition to chlorin e triester, the diester and monomethyl 
ester made by its partial hydrolysis yield on shaking their ether solutions 
with 25% methyl alcoholic potassium hydroxide, unstable chlorins which 
on methylation at  once yield phaeopurpurin 7, or on standing are converted 
into phaeopurpurin 18. 

Chlorin e and beta rr,onomethyl chlorin e do not yield phaeopurpurin. 
According to the ideas suggested in this Laboratory the essential reaction 
in an oxidative hydrolysis is the conversion of the group -CHOHCOOCH3 
(or its anhydro derivative) into -COCOOCH3; this should be possible 
with the trimethyl, dimethyl and alpha monomethyl esters, but in chlorin 
e and beta monomethyl chlorin e the group -CH(OH)COO- would not be 
readily oxidized by the action of oxygen, or, if oxidized, would yield carbon 
dioxide. 

The parallelism between the behavior of the ester of chlorin e which has 
the group )C=CHCOOCHB and the phaeophorbides is very striking. In 
both cases the oxidative hydrolysis under the special phase test conditions 
is rapid and the products are identical. In the case of the alpha mono- 
methyl ester the analogy is even closer, as the compound is oxidized by 
potassium molybdicyanide, thus behaving as though it had the grouping 
>CHCHOHCOOCH~ and yet its analyses correspond to the grouping 
)C=CHCOOCH~. As has been pointed out el~ewhere,~ the same situa- 
tion exists in regard to the phaeophorbides; this parallelism seems to us to 
find a satisfactory explanation if the predominant form of phaeophorbide 
also contains the grouping >CHCHOHCOOCHI in equilibrium with its 
anhydro form >C=CHCOOCHQ. 

We are indebted to Miss G. M. Ware and Mrs. S. E. Kamerling for the 
microanalyses reported in this paper. 

Experimental 

Chlorin e Trimethyl Ester.-Chlorin e was esteriiied with methyl alcohol as fol- 
lows: 500 mg. of chlorin e was dissolved in 100 g. of methyl alcohol saturated with 30 g. 
of dry hydrogen chloride. After standing for forty hours at  room temperature over half 
the product was alkali-insoluble trimethyl ester; yield, 200 mg. crystallized from ether. 
The alkali-soluble material was extracted with 6% hydrochloric acid and crystallized 
from ether; its analysis was: OCHs, 8.12,7.86; calcd. for two groups: 9.9. 

Melting Points of the Trimethyl Esters of Chlorin e.-Samples of the trimethyl 
ester prepared by esterification with diazomethane, dimethyl sulfate and alkali and 
methyl alcohol and hydrogen chloride, respectively, were investigated by taking mixed 
melting points. All melting points recorded in this paper were taken with a block, with 
the same thermometer, and are uncorrected. 

(6) Tms JOURNAL, 68, 839 (1933). 



Ester, mode of preparation M. p., 'C. 
(1) Diazomethane 209-210 
(2) Dimethyl sulfate 209-210 
(3) Methyl alcohol 213.5-214.5 

Mixed melting points: (1) + (2), 209-210"; (1) + (3). 211.5-213.5"; (2) + (3), 
210-211.5'. 

A sample of the dimethyl sulfate ester, very slowly crystallized, melted a t  213.5- 
214 5 O .  The diazomethane ester m. p. 209-210" did not have its melting point raised 
on recrystallizing from chloroform-methyl alcohol, nor lowered again on subsequent 
crystallization from ether. The melting point of the trimethyl ester is dependent on the 
rate of heating. Thus, samples placed on the block a t  temperatures up to 185O melt 
a t  the normal temperature; placed on the block at  above 185" they melt a t  once, re- 
solidify, and melt again at  the normal temperature. A sample placed on the block a t  
205" melts but does not resolidify. It appears that a form melting a t  about 187" is 
transformed into the higher melting modification on melting, or slowly, on heating below 
its melting point. 

Copper Derivative of Chlorin e Trimethyl Ester.-The method of Treibs and Wiede- 
. mann was To 100 mg. of ester in 3 cc. of chloroform, a solution of 30 mg. of 

copper acetate in 3 cc. of methyl alcohol was added, and the solution evaporated to dry- 
ness. The product was three times crystallized from acetone-petroleum ether (58-70 "), 
forming slender dark green needles. 

Spectrum in ether (1 mg. in 30 cc.; 5-cm. tube): I, 660.9-615.5; 11, 591.8-581.5; 
111, 505.4-495.6. E.A. 434.2. Order, I, 111, 11. 

Anal. Calcd for C ~ ~ H ~ O N ~ O ~ C U :  C, 63.44; H, 5.76; N, 8.00; Cu, 9.08; OCHa, 
13.30. Found: C,62.33,62.12; H,5.90,5.70; N,7.91,8.10; Cu,9.66,884; OCH8, 
14.44, 14.64. 

The ether solution is blue green and does not fluoresce. The complex is extremely 
slowly decomposed by concentrated hydrochloric acid when in ether soluiion. Dis- 
solved in equal parts of acetic acid and hydrochloric acid, it regenerates a chlorin in 
which the main red band is displaced further to the blue region than in chlorin e.  

The copper derivatives of the trimethyl ester prepared in the three different ways 
were made separately and compared. Their spectra in ether were identical. 

Esters, mode of preparation M. p., copper derivatives, OC. 

(1) Diazomethane 217-219 
(2) Dimethyl sulfate 218-220 
(3) Methyl alcohol 218-220 

Mixed melting points: (1) + (2), 217-219 O; (2) 4- (3), 218-220 "; (1) + (3), 218- 
220 ". 

Zinc Derivative of Chlorin e Trimethyl Ester.-This was prepared exactly as the 
copper derivative, using zinc acetate: dark green needles; ether solution blue with strong 
red fluorescence. 

Spectrum in ether (1 mg in 30 cc.; 5-2311. tube): I, 658.5-622.2; 11, 605.9-585.7; 
111, 525.6-513.4; E.A. 440.5. Order, I, 11,111. 

Anal. Calcd. for CJ7H40N406Zn: C, 63.26; H, 5.74; N, 7.98; Zn, 9.31; OCHI, 
13.26. Found: C,63.18,63.24; H, 6.16, 5.84; N.7.63, 7.84; Zn,9.06, 8.87; OCH1, 
14.19, 14.04. 

The chlorin regenerated on shaking the ether solution for a few minutes with 15% 
hydrochloric acid is identical in spectrum, color, and acid number with chlorin e tri- 
methyl ester. 

(7) Treibs and Wiedemann, Ann., 471, 171 (1929). 
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The zinc derivatives of the three differently prepared chlorin e trimethyl esters have 
the same spectrum. 

Esters, mode of preparation M. p. Zn derivative, 'C .  

(1) Diazomethane 237-238 
(2) Dimethyl sulfate 243-245 
(3) Methyl alcohol 236-237 

Mixed melting points: (1) and (2), 239-243 "; (2) and (3)' 236-243 "; (1) and (3), 
236-237". Repeated recrystallization did not raise the melting points of the diazo- 
methane and methyl alcohol esters' zinc derivatives to that of the dimethyl sulfate ester 
I t  may be observed that our unsaturated formula for the triester gives a possibility for 
geometrical isomerism. 

Copper Derivative of Chlorin e Triethyl Ester.--This was prepared by adding 
copper acetate in boiling methanol to the ester in chloroform. The triethyl ester was 
prepared by the use of diazoethane and agreed in its properties with those reported by 
Fischer and SiebeLa After two minutes of boiling, methanol and excess copper acetate 
were washed out with water, the chloroform solution dried and evaporated to dryness 
and the copper derivative crystallized from ether-petroleum ether. This procedure was 
used in all triethyl and mixed ethyl-methyl esters to avoid ester interchange in crystal- 
lizing from methanol; m. p. 154-155 " Spectrum in ether (1 mg. in 30 cc. ; 5-cm. tube): 
1, 655.4-617.4; 11, 594.0-582.2; 111. 506.6494.4. E, A. 429.7. Order: I, 111, 11. 

Anal. Calcd. for C ~ O H ~ ~ N ~ O ~ C U :  C, 64.70; H, 6.25; N, 7.55; Cu, 8.57; OCsHs, 
18.22. Found: C, 64.49; H, 6.53; N, 8.95; Cu, 8.49; OCH3, 18.72. 

Regeneration of Chlorin e from the Trimethyl Ester.-700 mg. of crystalline tri- 
methyl ester in 20 cc. pyridine was hydrolyzed with 7.5 g. potassium hydroxide dissolved 
in 100 cc. methyl alcohol and 5 cc. of water on standing overnight in a nitrogen atmos- 
phere a t  room temperature. Almost the whole product was of acid number 3, and agreed 
in color, spectrum and acid number with chlorin e; yield 350 mg. of crystalline material 
(from ether). Dried for analysis in oacuo at  60". Calcd. for Ca,H.w,O+Na: C, 68.42; 
H,6.08; N,9.39. Found: C, 69.21, 69.08; H, 6.37,6.17; N, 9.39, 9.51; OCHs, 0.0. 

One hundred mg. of this chlorin was oxidized in a filtered oxidizing mixture made up 
as follows: 3 g. of potassium molybdocyanide, 2 cc. of acetic acid, 7 cc. of water, oxidized 
with permanganate and made up to 100 cc. with 10 cc. of pyridine and a molar solution of 
pyridine in acetone. An SOYo yield of carbon dioxide (determined as barium car- 
bonate) was obtained, together with chlorin k, identified by color and spectrum in ether 
and acid, and acid number. A duplicate experiment, conducted on the material which 
had been dried for analysis, gave 53y0 of carbon dioxide yield together with chlorin k 
and a small amount of unidentified porphyrin (acid number eight). 

Experiments on the regeneration of chlorin e from its trimethyl ester a t  higher tem- 
peratures were unsatisfactory; 400 mg. of ester in 2 cc. of pyridine was given a hot 
quick saponification for four minutes with 30 cc. of boiling 25% potassium hydroxide in 
methyl alcohoI in a nitrogen atmosphere. Fractionation of the product gave 160 mg. 
of crystalline chlorin extracted by 4% acid; found: OCH3, 0.7%. Oxidation with 
molybdicyanide gave a yield of carbon dioxide of only 40%, even after correcting for 
the presence of a methoxy compound which would not yield carbon dioxide. Another 
experiment in which the solution was boiled for five minutes with 25y0 methyl alcoholic 
potash and for five more minutes after addition of an equal volume of water gave 175 
mg. of chlorin; found: OCHs, 0.95%. The corrected carbon dioxide yield was 54%. 
Since chlorin e and some of its derivatives give almost quantitative yields of carbon di- 
oxide in oxidation with molybdicyanide, it is clear that in the above experiments, in addi- 
tion to the methoxy derivative, and the chlorin which yields carbon dioxide and chlorin 
k, there is produced another chlorin which does not yield carbon dioxide on oxidation. 



Alpha Monomethyl Ester of Chlorin e.-1.5 g. of chlorin e trimethyl ester dissolved 
in 10 cc. of pyridine was hydrolyzed with 300 cc. of 12y0 potassium hydroxide in methyl 
alcohol in a flask freed of oxygen and refilled with nitrogen. After standing for ten 
minutes a t  room temperature, the product was transferred to 2.5 liters of ether, washed 
free of pyridine and methyl alcohol, and acid fractionated. There was only a trace of 
unhydrolyzed trimethyl ester. The bulk of the material was a chlorin of acid number 5, 
identical in  color and spectrum with chlorin e; yield of crystalline material from acetone- 
petroleum ether, 45%. There remained in the ether, alkali-soluble chlorin extractable 
with 7 or 8% hydrochloric acid. 

Anal. (dried a t  60' in  uacuo). Calcd. for C36H4007N4: C, 66.84; H, 6.42; N, 8.91; 
OCH8, 4.94. C ~ L H ~ O B N ~ :  C, 68.81; H ,  6.28; N, 9.18; OCHa, 5.08. Found: C, 68.40, 
68.66; H,  6.24, 6.51; N, 8.57,8.56; OCHJ, 4.91, 5.35. 

Five mg, was shaken in 10 cc. of ether with 1 cc. of 25% potassium hydroxide in 
propyl alcohol. Transferred to  fresh ether after ten minutes, the product on fractiona- 
tion was shown to consist of unchanged chlorin e alpha monomethyl ester and phaeo- 
purpurin 18. The presence of unchanged material is explained by the separation of an 
insoluble potassium salt. 

Conversion of Alpha Monomethyl Chlorin e to Trimethyl Ester of Chlorin e.-Sixty 
mg. of mono ester was introduced in 1 cc. of pyridine into 500 cc. of ether and methykated 
with diazomethane. The ether solution was successively washed with acid, alkali and 
water, dried and evaporated to  dryness The residue was dissolved in 5 cc. of chloro- 
form and treated with 20 mg. of copper acetate in 15 cc. of boiling methyl alcohol. On 
boiling off the chloroform the copper derivative crystallized in green needles Twice 
recrystallized from chloroform-methanol it  melted a t  217-219 (block uncorr.) and 
showed no depression with the copper derivative of the trimethyl ester made directly 
from chlorin e (m. p. 217-219'). 

Oxidation of Alpha Monomethyl Chlorin e.-Electroinetric titration of the oxidation 
with potassium molybdicyanide in acetone-pyridine showed tha t  79% of two equiva- 
lents of reagent were used in thirty-five minutes, and 102% in five hours; 60 mg. was 
oxidized in an apparatus designed to collect any carbon dioxide evolved, in a stream of 
nitrogen in a filtered oxidizing mixture made up as follows: 0.240 g. of molybdocyanide in 
10 cc. of water, with I cc of glacial acetic acid, oxidized with permanganate and then made 
up with 8 cc. of pyridinc, and acetone to 90 cc. No carbon dioxide was evolved, whereas 
in a control experiment 58 mg. of chlorin e gave a 74% yield of carbon dioxide as barium 
carbonate. The product of the oxidation was a chlorin. 

Monomethyl Ester of Chlorin k Carboxylic Acid 

Chlorin from Oxidation of Alpha Monomethyl Chlorin e.-For preparative purposes 
300 mg. was oxidized with a filtered mixture made as follows: 0.9 g. of potassium molybdo- 
cyanide, 20 cc. of water, 5 cc. of acetic acid oxidized with permanganate, and made up 
t o  250 cc. with molar pyridine in acetone. After four hours the product was transferred 
t o  2 liters of ether and washed free from acetone and pyridine; 7-12yo acid extracted 
a small quantity of a mixture of chlorins which was discarded. The main product was a 
chlorin, extracted with 14 and 16% hydrochloric acid; yield 50% of the chlorin, crys- 
tallized from acetone-petroleum ether; OCHa calcd. for C36H3606NI: 5.11. Found: 
5.23, 5.34. The substance has a typical chlorin color in ether; the acid solution is blue 
with red fluorescence. A sample was methylated with diazomethane, and the product 
crystallized from acetone-petroleum ether, m. p. 260-262O. Acid number of ester, 16. 
Spectrum in ether (1 mg. in 30 cc. 5-cm. tube): I ,  684.9-650.4; 11, 616.7-603; 111. 
534.4-525.9; TV, 519.1-487.6. E.A. 432.2. Order: I ,  IV, 111, 11. Spectrum in acid: 
I ,  674.8-635.8; 11. 606.4-593.1; 111, 570.0-557.4; IV, 5329-517.5. E. A. 4430. 
Order: I ,  IV, 111, I1 
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Anal Calcd. for CaaHaaN4Os: C, 69.40; H, 6.16; N, 9.00; OCHs, 9.97. Found: 
C, 69.23, 69.53; H, 6.91, 7.00; N, 8.29; OCHB, 9.62,9.18. 

Monomethyl Ester of Pyrochlorin e Carboxylic Acid 

Pyrolysis Product Alpha Monomethyl Chlorin e.-120 mg. was heated in 20 g. of 
diphenyl in an oil-bath a t  215O for three and a half hours in a stream of nitrogen freed 
from oxygen by passing over red-hot copper wire, and dried with sulfuric acid and phos- 
phorus pentoxide. The carbon dioxide evolved was absorbed in a potash bulb; yield 
of carbon dioxide 6 mg. ; theory for 1 mole 8.65 mg. ; 70% yield. The product was dis- 
solved in 15Yo acid and washed with ether to remove diphenyl and then transferred to 1 
liter of fresh ether; 4 and 57, acid extracted a littie porphyrin; 6 and 7% acid removed 
traces of porphyrin and some chlorin. The main product was a chlorin, extracted with 
10 and 11% acid; yield 50 mg., crystallized from acetone-petroleum ether, 42%. 

Anal Calcd. for C34H3804N4: C, 72 04; H, 6.76; N, 9.88; OCHI, 5.47. Found: 
C, 72.20,71.44; H, 7.15,6.72; N, 9.76,9.78; OCH3,5.81. Esterified with diazomethane 
it gave a diester; OCH3: 10.02, 10.24, m. p. 206-208" (block uncorr.). Spectrum (1 mg. 
in 30 cc. ether, 5-cm. tube). Ether solution typical chlorin color. I ,  682.4-647.6; 
11, 613.8-602.3; 111, 531.6-525.0; IV, 507.6-485.3. E. A. 433.0. Order: I, IV, 111, 11. 

Spectrum in acid. Acid solution greenish blue with red fluorescence. I, 677.2- 
631.8; 11,611.2-598.4; 111,532.6-521.8; E.A. 446.7 Order. I, 111,II. 

Diethyl Alpha Monomethyl Ester of Chlorin e.-The alpha monomethyl ester was 
treated with diazoethane; the product was fractionated and extracted with 11% acid, 
transferred to ether and crystallized; m. p. 152". 

Anal. Calcd. for CssHraOaN.,: C, 70.22; H, 6.96; N, 8.40. Found: C, 70.15; 
H, 6.78; N, 8.09. 

The copper derivative prepared in the usual manner and crystallized from ether- 
petroleum ether melted a t  166.5-167' (block uncorr.). 

Beta Monomethyl Ester of Chlorin c.-0.614 g. of dry chlorin e (0.001 mole) dis- 
solved in 2 cc. of dry pyridine (distilled over potassium hydroxide) and 50 cc. of dry 
dioxane (freshly distilled from sodium) was treated with a dry ether solution containing 
0.0012 mole of diazomethane (standardized with benzoic acid), in a three-necked flask 
fitted with mercury-sealed stirrer, a calcium chloride tube, and a tap funnel delivering 
below the surface of the liquid. The diazomethane was added during twenty minutes 
with stirring, and after standing overnight the mixture was transferred to 2.5 liters of 
ether and washed free of dioxane. Three extracts with 3% acid and one of 470 sufficed 
to remove unmethylated chlorin e. The main product was isolated with 5y0 acid. 

Anal. 3% fraction 2.80% OCHI; 4% fraction 4.89% OCHa; 5% fraction 5.07% 
OCHs. 

The yield of 5% fraction, crystallized from acetone-petroleum ether, 250 mg.. was 

4070. The acid number is 5, the color in ether and acid and the spectrum are identical 
with that of chlorin e. 

Anal Calcd. for CasHtoOrN4: C, 66.84; H, 6.42; N, 8.91; OCHa, 4.94. Ca~H3806- 
N4: C, 68.81; H, 6.28; N, 9.18; OCHI, 5.08. Found: C, 69.00, 68.72; H, 6.67, 6.32, 
N, 8.48, 8.83; OCHa,5.11,5.05. 

No conversion to phaeopurpurin under "phase test" conditions could be obtained 
Unextracted with 5% acid in the products of the partial methylation of chlorin e,  

is an alkali-soluble chlorin of acid number 7. Its yield can be increased by employing 
2 moles of diazomethane. The analysis indicates it-*to be impure dimethyl ester. 
Calcd. OCHa, 9.9. Found: 8.3, 8.7. 

Oxidation of Beta-Monomethyl Ester of Chlorin e.-A 5-mg sample used up 101 % 
of 2 equivalents of potassium molybdicyanide in acetone-pyridine solution in sixty min- 
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utes; 62 mg. was oxidized with a filtered oxidizing mixture containing 0.4 g. of molybdo- 
cyanide, 2 cc. of glacial acetic acid, and 12 cc. of water, oxidized with permanganate 
and made up with 8 cc. of pyridine and acetone to 90 cc. The carbon dioxide evolved was 
swept out with nitrogen and weighed as barium carbonate: yield of barium carbonate in 
four hours, 13.4 mg. ; calcd. for 1 mole 19.5 mg. or 69yo yield. In  a duplicate experiment 
125 mg. gave 36.7 mg. of barium carbonate; calcd., 36.8; 100% yield. 

On pouring into ether preparatory to working up the product, the whole material 
separated as an insoluble scum, which dissolved in ly0 hydrochloric acid to give a blue, 
strongly fluorescing solution, which again gave the scum on neutralization. The scum 
was also soluble in alkalies. I t  appeared that the oxidation product had formed an in- 
soluble complex with the oxidizing agent. The complex was not broken by hydrogen 
sulfide in acid, alkaline or amrnoniacal solution, nor by continuous ether extraction of 
the acid solution. Other experiments designed to break down the complex without de- 
methylating the chlorin proved unsuccessful. 

Pyrolysis of Beta-Monomethyl Ester of Chlorin e.-120 mg. of ester was heated in 
20 g. of diphenyl in a bath maintained at  245-265' in an oxygen-free, dry nitrogen 
stream for three hours. Carbon dioxide equivalent to 0.86 mole was evolved. The 
product was dissolved in acid, washed free of diphenyl with ether, transferred to fresh 
ether and the mixture of alkali soluble porphyrins obtained, acid fractionated. The 
products were a porphyrin extracted with 2% acid, identified by its color in ether and 
acid, and by its spectrum as chloroporphyrin e4 (monoester). 

Aml .  OCHs, calcd., 5.48. Found: 6.09. 

Another porphyrin was extracted with 7% acid, but was not identified; OCHs 
found, 5.09. 

Conversion of Beta-Monomethyl Ester to Normal Chlorin e Trimethyl Ester.- 
A sample was methylated with excess diazomethane, fractionated and transferred to 
fresh ether and converted into the copper derivative as described above. I t  melted 
a t  217-219" (block uncorr.) and the mixed melting point with the copper derivatives of 
chlorin e trimethyl ester made directly from chlorin e, and the trimethyl ester made from 
alpha monomethyl chlorin e showed no depression. 

Diethyl Beta-Monomethyl Ester of Chlorin e.-A sample of the beta ester treated 
with diazomethane gave on fractionation a triester, crystallized from ether, m. p. 155- 
157'. The copper derivative prepared in the usual way, crystallized from ether-petro- 
leum ether, m. p. 187-189". 

Chlorin e Dimethyl Ester, by the Acid Hydrolysis of the Trimethyl Ester.-Suitable 
conditions were found by following the hydrolysis of the trimethyl ester in 12% hydro- 
chloric acid, determining the percentage of alkali solubility and the methoxyl content 
of the alkali soluble material with time. At room temperature the dimethyl ester first 
formed is later slowly hydrolyzed to give a monomethyl ester. For preparative pur- 
poses, 750 mg. of triester was dissolved in 250 cc. of 12% hydrochloric acid, and stood at  
room temperature for three hours. On working up the product, about 100 mg. of tri- 
ester remained unhydrolyzed. The alkali-soluble material, crystallized from ether, gave 
310 mg. of excellent crystals, of no definite melting point, sintering on the block above 
230'. The spectrum and color is identical with that of chlorin e. 

Anal. Calcd. for C ~ B H ~ O O ~ N ~ :  C, 69.19; H, 6.45; N, 8.97; OCHs, 9.93. Found: 
C, 69.40,69.61; H, 6.52, 5.90; N, 9.07, 8.83; OCH3,9.72,9.31. 

The dimethyl ester is not oxidized by molybdicyanide; 5 mg. of dimethyl ester in 
15 cc. of ether, shaken with 1.5 cc. of 2570 potassium hydroxide in methyl alcohol, 
gave unstable chlorins which on methylation a t  once gave dimethyl phaeopurpurin 7, 
or on standing, phaeopurpurin 18. 

Pyrolysis of Dimethyl Ester.-100 mg. of material was heated in diphenyl with a 
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bath temperature of 250-270" in an oxygen-free, dry nitrogen stream. The carbon 
dioxide slowly evolved (none in the first hour) corresponded to 0.35 mole. By compari- 
son, both alpha and beta rnonomethyl esters lose the bulk of their carbon dioxide in the 
first hour. The product consists of a mixture of unidentified alkali-soluble porphyrins. 

Summary 

1. The trimethyl ester of chlorin e has been prepared by a number of 
methods and the identity of the products established through the melting 
points of their metallic derivatives. 

2. On hydrolysis, the trimethy! ester regenerates a chlorin e in which the 
glycolic acid side chain has been shown to be present. 

3. Two isomeric monomethyl esters and one dimethyl ester have been 
prepared and their structures established by their transformations. Two 
isomeric diethyl methyl esters have been prepared. 

4. The bearing of these results on the structure of phaeophorbide a has 
been discussed. 

CAMBRIDGE, MASSACHUSETTS RECEIVED DECEMBER 27,1932 
PUBLISHED FEBRUARY 9,1933 

Studies in the Chlorophyll Series. XI. The Position of the 
Methoxyl Group 

In the fifth paper of this series we proposed a formula for chlorophyll a,l 
in which a carbomethoxy group was placed in the beta position of one of the 
pyrrole rings. This seemed necessary as the facts in regard to  oxidative 
hydrolysis (phase test) given in the third and fourth papers2 showed that a 
methoxyl group survived this degradation and was present in phaeopurpurin 
7. This compound on pyrolysis yielded a monomethyl chlorin f and thus 
was shown to contain a carbomethoxy group attached to one of the pyrrole 
nuclei. The yield of phaeopurpurin 7 (a monomethyl ester) was always 
very low, however, and all attempts to increase the yield by changing the 
conditions of oxidative hydrolysis failed. The chief product was always 
the unstable chlorin which on standing yields phaeopurpurin 18. In this 
connection we may mention that we have not been able to observe the 
conversion of phaeopurpurin 7 to phaeopurpurin 18 on standing in solution 
as reported by F i~cher .~  

The small yield of phaeopurpurin 7 led us to suspect that it might arise 
from some impurity in our phaeophorbides, and this has proved to be the 
case. We have been able to obtain a sample of methyl phaeophorbide a 

(1) Tars JOURNAL, 53, 2382 (1931). 
(2) Ibid., 52, 3013 (1930); 53, 359 (1931). 
(3) Fischer, Ann., 498,5196 (19'32). 



which after several recrystallizations yielded no phaeopurpurin 7 on oxida- 
tive hydrolysis. I t  is difficult, however, to remove the precursor of phaeo- 
purpurin 7 from the phaeophorbides. Material prepared from the chloro- 
phyllides yields small amounts of phaeopurpurin 7 unless carefully re- 
crystallized. Crude methyl phaeophorbide a prepared from commercial 
phaeophytin by the usual Willstatter procedure is very rich in this im- 
purity. It can be purified by a partial hydrolysis procedure described in 
detail in the experimental portion of this paper, which also removes other 
impurities. The methyl phaeophorbide a thus purified, crystallizes beau- 
tifully and we believe it to be as pure as the material prepared through the 
chlorophyllides. 

The analyses of the pure methyl phaeophorbides (from phaeophytin or 
through the chlorophyllides) correspond closely to the formula C36H38- 
N40e instead of C35H40N106 previously assigned. This fact has recently beer, 
emphasized by Stoll and by F i ~ c h e r , ~  and led the latter to modify his for- 
mula for chlorophyll a. Stoll's formulas for chlorophyll a and chlorophyll b 
seem to us to be excluded by a great number of considerations, only one of 
which will be considered here. According to his formula the hydrolysis of 
phaeophorbide a to chlorin e is an oxidative reaction and he states that he 
is able to prevent chlorin formation by adding a reducing agent to the 
hydrolyzing m i x t ~ r e . ~  (He has as yet published no experimental details, 
however.) Mr. J. L. Hartwe116 in this Laboratory has shown that the 
formation of chlorin e by hydrolysis of the phaeophorbides not only pro- 
ceeds in a nitrogen atmosphere, but that as powerful a reducing agent as a 
sulfonated anthrahydroquinone may be present without affecting the result. 
It seems to us impossible that an oxidative reaction is involved in the 
formation of chlorin e from phaeophorbide a. 

The parallelism between the behavior of the esters of chlorin e and the 
phaeophorbides has been pointed out in the preceding paper? The analy- 
sis of chlorin e and its esters corresponds to an oxygen content of 0 6  while 
the reactions call for a formula with 0 7 ;  the phaeophorbides of the a series 
behave as if they contained six oxygen atoms but the analyses correspond 
to a content of five oxygen atoms. We believe that the most probable 
explanation is that in both cases one is dealing with an unsaturated com- 
pound which easily adds water in solution forming an hydroxy compound, 
the water being lost again on crystallizing and drying. If this is the case, 
a t  least in solution, the phaeophorbides like the chlorin e esters are hydroxy 
compounds. 

The oxidative hydrolysis of pure phaeophorbide a in the presence of very 
dilute alkali resulted in the formation of a monomethyl ester of a chlorin of 

(4) Stoll and Wiedemann, Natarwissenschaflen, 628, 706, 791 (1932); Nclv. Chim.  Acta, 16, 
1128, 1280 (1932), Pischer, Ann., 499, 84 (1932). 

(5) Stoll, Helv. Chim. Acta, 16, 1284 (1932). 
(6) Unpublished results. 
(7) Tars JOURNAL, 66, 829 (1933). 
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the "oxidized series." It is stable in solution but on treatment with diazo- 
methane forms dimethyl phaeopurpurin 7 (a triester). A diethyl phaeo- 
purpurin 7 (a diethyl methyl ester) was made by treating the chlorin with 
diazoethane. On heating this compound with pyridine and sodium car- 
bonate according to Fischer's m e t h ~ d , ~  a diethyl ester of isorhodoporphyrin 
was formed. This shows that the carbomethoxy group of the chlorin was 
part of the bridge grouping; the formation of a methoxyl-free isorhodopor- 
phyrin on heating the chlorin itself also demonstrated the position of the 
OCHa. These transf~rmations thus serve to confirm the position of the 
methyl group in chlorophyll a assigned by Fischer We propose to desig- 
nate this new chlorin as the alpha monomethyl ester of chlorin g, since it 
contains the grouping -COCOOCH3 on the bridge. As pointed out in the 
third paper of this series, the "unstable chlorins" are probably identical 
with Willstatter's phytochlorin g. I t  is interesting that when the bridge 
carboxyl group is esterified the chlorin passes into the phaeopurpurin struc- 
ture only on treatment with diazomethane. On hydrolysis the ester is 
transformed into the unstable chlorin (chlorin g) which spontaneously 
passes into phaeopurpurin 18. 

The precursor of phaeopurpurin 7 is a substance of considerable interest. 
It is clearly very similar to the phaeophorbides (or the chlorophyllides as 
the case may be) as it is difficult to purify these compounds from it. Since 
phaeopurpurin 7 can be transformed into dimethyl phaeopurpurin 7 by the 
action of diazomethane, and on pyrolysis yields chlorin f monomethyl ester, 
we are clearly dealing with a compound with the same nucleus and carbon 
skeleton as in the normal form of phaeophorbide a. The position of the 
methoxy group, however, is different. The phaeopurpurin 7 prepared from 
crude chlorophyll or phaeophytin appears to have the same structure as the 
phaeopurpurin 7 formed by hydrolysis of dimethyl phaeopurpurin 7. 
Both compounds yield monomethyl chlorin f, carbon monoxide and carbon 
dioxide on pyrolysis, and have very similar properties except for a slight 
difference in color, spectrum and acid number. The position of the 
methoxyl group in both substances is established by its survival in chlorin f 
monomethyl ester (pyrolysis) and its resistance to hydrolysis by dilute 
alkali; as will be shown in a later paper, an ester group involving the 
propionic acid is rapidly hydrolyzed by even dilute alkali. On vigorous 
hot alkaline hydrolysis, methoxyl-free chlorin f is formed. All these facts 
show that the grouping -COOCHp is on the pyrrole ring in phaeopurpurin 7. 

The precursor of phaeopurpurin 7 occurs in relatively small quantities 
(1 to 3%) in the crude chlorophyll of a number of green plants which we 
have so far examined (spinach, Datura, and representatives of filamentous 
chlorophyceae and marine phaeophyceae) and in commercial phaeophytin. 
The largest amount (20y0) was found in the mother liquors from crystalline 

(8) Fischer, Ann., 490, 87 (1931) 
(9) Fischer, ibid., 490, 42 (1932). 
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ethyl chlorophyllides prepared from Datura. The estimation of its pres- 
ence is possible by carrying out a vigbrous oxidative hydrolysis ("phase 
test" conditions) of the crude chlorophyll or phaeophytin (preferably free 
from the carotenoids), allowing the solutions of the unstable chlorins to 
stand for three to five days and carefully fractionating with acid. The 
normal chlorophyll a component is thus transformed into phaeopurpurin 18 
which is easily separated by its high acid number. The oxidized rhodins are 
also removed only by strong acid. If the oxidative stage of the hydrolysis 
is not rapid enough, small amounts of chlorin e and rhodin g may also be 
formed. The latter is difficult to separate from phaeopurpurin 7 but a 
procedure described in detail in the experimental section of this paper may 
be employed. 

It seems to us that there can be no escape from the conclusion that there 
are two very similar forms of chlorophyll a. In  the predominant form the 
carbomethoxy group is located on the bridge; in the other form it  is 
located on the pyrrole ring. We are now engaged in an attempt to separate 
in a pure state this second form of chlorophyll a or its related chlorophyllide 
or phaeophorbide; we also intend to examine a greater variety of green 
plants for the relative distribution of the two forms. It appears probable 
that a similar situation exists in regard to chlorophyll b, and we are en- 
gaged in a similar line of investigation in regard to the location of the meth- 
oxyl group in this compound. 

The formula for chlorophyll a which we suggested in the previous paper is 
impossible for the predominant form of chlorophyll a because of the position 
of the methoxyl group; it may represent the second form, however. 
Fischer's formula containing a carbocyclic ring is, of course, satisfactory as 
far as the position of the methyl group is concerned for the predominant 
form, but is not possible for a compound containing the potential carbo- 
methoxy group on the pyrrole ring (as appears to be the case in the second 
form). We are still inclined to favor a formula for chlorophyll a that con- 
tains a secondary hydroxyl group attached to the bridge because of the 
dehydrogenation results considered in our previous papers; the analogy 
between the chlorin e esters and the phaeophorbides also influences us in this 
choice. We do not feel that the presence of a carbocyclic ring in chloro- 
phyll a or the phaeophorbides is proved by the transformation of these sub- 
stances into phaeoporphyrin a6 and phylloerythrin which has been carried 
out by Fischer.lo The possibility is not excluded that the carbocyclic ring 
which Fischer has shown to be present in phylloerythrin was closed in the 
reaction by which the chlorophyll compounds are transformed. Such a 
ring closure does in fact occur under only slightly more drastic conditions 
in the preparation of phylloerythrin from the chloroporphyrins.1~ 

It would seem extremely probable that the structural formulas of the two 
(10) Fischer, Ann., 486, 107 (1931). 
(11) Fischer and Moldenhauer, {bid . ,  481, 152 (1930). 
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forms of chlorophyll a are very similar if the compounds differ only slightly 
in their properties. A formula is therefore desirable which allows the 
interchange of the methoxyl group between the potential carboxyl groups 
of the bridge and pyrrole ring without serious structural modification. 
The lactam formula which we mentioned in the fifth paper12 as an alterna- 
tive to our anhydride formula satisfies these requirements. The formula 
for the predominant form of chlorophyll a (al) would then be as shown in 
I, and the other form (~2)-the precursor of phaeopurpurin 7-would be 
represented as 11. 

c~H~~JcH~ 
I Chlorophyll a, 

C Z H ~ I ~  CHs 
I1 Chlorophyll a2 

We are indebted to Miss G. M. Ware and Mrs. S. E. Kamerling for the 
microanalyses reported in this paper. 

Experimental 
Purification of Methyl Phaeophorbide a.-The methyl phaeophorbide a obtained in 

the usual way from commercial phaeophytin gives unsatisfactory analyses even after 
several recrystallizations. On hot rapid saponification in nitrogen as much as 15% 
of chlorin f may be obtained along with the chlorin e, indicating the presence of an oxi- 
dized impurity in the methyl phaeophorbide. After e carefully controlled rapid treat- 
ment with dilute alkali, however, the methyl phaeophorbide which remains appears to 
be as pure as preparations from methyl chlorophyllide a. Its analysis shows a content 
of five oxygen atoms and 0.n hot rapid saponification only a trace of high chlorin results. 
A typical purification experiment is as follows: three grams of methyl phaeophorbide a 
was dissolved in 150 cc. of pyridine and 750 cc. of acetone in a three-liter three-necked 
flask, fitted with a gas inlet tube for nitrogen, a mercury-sealed stirrer and a conical 
glass funnel of 750 cc. capacity. The neck of the funnel was closed by a one-holed 
rubber stopper at  the end of a glass rod. This arrangement permitted the rapid addition 

(12) THIS JOURNAL, 53, 2384 (1931). 
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of large volumes of alkali or acid as needed. The solution was refluxed in nitrogen for 
ten minutes to remove oxygen, then cooled to 0' with nitrogen bubbling through. At 
the same time 750 cc. of 1% potassium hydroxide solution was similarly refluxed for 
ten minutes and cooled to 0 in nitrogen. Then the stopper carrying the nitrogen inlet 
tube was loosened and the alkali was rapidly added through the funnel to the violently 
stirred pyridine-acetone solution. The plunger was replaced in the funnel and after 
fifteen seconds, 11% hydrochloric acid was added in the same way, precipitating the 
material in fine amorphous form. This dissolved readily on shaking with five liters of 
ether and formed a violet-red solution. The alkali-soluble material was removed with 
0.02 N potassium hydroxide solution. The residue was then extracted with portions of 
iced 11 to  14% acid until the extracted material had the same spectrum as the main 
solution, which was finally concentrated without further treatment. The yield in 
several experiments was 40 to 65%. The alkali-soluble by-products are mainly mono- 
methyl chlorin e,  and pheopurpurin 18 resulting from hydrolysis of impurities and from 
oxidative hydrolysis of good methyl phaeophorbide a due to unremoved traces of oxygen. 
The product separated in well-formed black crystals with a blue luster. The spectra in 
ether and acid are identical with those of methyl phaeophorbide a prepared from the 
chlorophyllides, and the yellow phase color is very marked on shaking the ether solution 
with methyl alcoholic potassium hydroxide. 

Analyses of several samples of methyl and free phaeophorbides are listed below. 
Those from chlorophyllides were obtained by acid treatment and fractionation of crys- 
talline ethyl or methyl chlorophyllide mixtures of the alpha and beta compounds, pre- 
pared from Datura according to the Willstatter procedure. The "regenerated" methyl 
phaeophorbide a was prepared by diazornethane treatment of phaeophorbide a from puri- 
fied methyl phaeophorbide a. 

Anal. Calcd. for C3EH3806N4: C, 71.30; H, 6.3; N, 9 24; OCH,, 10.2. 

C H N OCHa 

Methyl phaeophorbide a purified as above 71.15 6.6 9.01 10.61 
71.38 6.9 9.28 

Methyl phaeophorbide a from methyl 71.04 6.57 9.28 10.36 
chlorophyllides 71.27 6.75 9.38 10.68 

71.44 7.03 
Methyl phaeophorbide a regenerated 71.44 6.55 9.05 9.3 

71.07 6.55 8.95 10.0 
70.M 6.35 

Methylated phaeophorbide a from ethyl 71.18 6.45 
chlorophyllides 71.12 6.45 9.31 

Calcd. for CsaHgbOsNd: C, 70.95; H, 6.1; N, 9.46; OCHa, 5.3 
Calcd. for CssHasOeNa: C, 67.72; H, 6.25; N, 9.66; OCHs, 5.35 

Phaeophorbide a from purified methyl 69.78 6.26 9.28 4.7 
phaeophorbide a dried a t  mm. press. 69.70 6.63 9.10 5.1 

Phaeophorbide a from ethyl chlorophyllides 70.3 6.35 9.50 

Rate of Hydrolysis of Methyl Phaeophorbide a.-Preliminary experiments were 
carried out on the hydrolysis of methyl phaeophorbide a a t  0' in an aqueous butyl car- 
bitol-pyridine mixture 0.04 N in potassium hydroxide and in a nitrogen atmosphere. 
The results indicate that there is a rapid conversion to monomethyl chlorin e with loss 
of one methoxyl group and apparently without the intermediate formation of phaeo- 
phorbide a. The rate of formation of monomethyl chlorin e was as follows: 40% in 
five minutes, 55% in ten minutes, and 80% in forty-five minutes. The concentration 
of phaeophorbide a was never greater than 5%. The second methoxyl group is lost 
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with much greater difficulty. After thirty-six hours under the same conditions only 
one-fourth of the product was free chlorin e. Phaeophorbide a in aqueous pyridine at  
0" in nitrogen and with an alkali concentration of 0.45 mol., also changes rapidly to 
monomethyl chlorin e. The analysis of the product corresponds to a quarter of a meth- 
oxyl group even aftcr twenty-four hours. 

The hydrolysis of phaeophorbide a proceeds very rapidly in the presence of oxygen, 
forming monomethyl chlorin g which is then transformed more slowly with loss of 
methoxyl content to phaeopurpurin 18. The rate of formation of "unstable chlorins" 
including the monomethyl ester of chlorin g in a phaeophorbide a solution 0.02 molar in 
alkali was as follows: 40y0 in two minutes, 80y0 in ten minutes. 

Monomethyl Ester of Chlorin g.-This substance was prepared by mild oxidative 
hydrolysis of phaeophorbide a obtained from its methyl ester purified as above, or from 
methyl ehlorophyllide a. A solution of 450 mg. of phaeophorbide a in 125 cc. of pyridine 
and 250 cc. of water was cooled to 0 in an ice-bath and stirred by a stream of oxygen 
for thirty minutes. Then 75 cc. of 0.06 N aqueous potassium hydroxide was added. 
making the total alkalinity 0.01 N, and the gas stream was continued for thirty minutes 
The product was transferred to three liters of ether and allowed to stand overnight to 
enable any unstable chlorins present to change over to phaeopurpurin 18. Extraction 
with 6 to 870 acid removed some low chlorin, 12 to 14y0 acid removed the main product, 
and the residue contained small amounts of unchanged phaeophorbide and of phaeopur- 
purin 18 resulting from demethylation of the desired chlorin. A convenient test for the 
homogeneity of the last extracts of monomethyl chlorin g is treatment with diazomethane 
which changes the spectrum completely and instantly to that of phaeopurpurin 7. The 
yield of chlorin was 30 to 6OYo in several experiments. 

A sample was recrystallized for analysis from acetone-ligroin, forming small black 
crystals. The color in ether is bright green with a red fluorescence; in acid, green. 
The acid number is 12. 

The spectrum in ether (a solution of one milligram in 30 cc. measured in a 55-mm. 
tube): I ,  687-646; 11, ---620-600---; 111, ---566---554.- (very hazy) ; IV, 533-520 ; 
V ,  5 0 9 4 8 1 .  E. A.: 438. Order: I ,  IV, V, 11,111. 

The spectrum in l6YO hydrochloric acid: I ,  589-569; 11, ---541---521--- (very faint). 
E. A,: 456. Order: I ,  11. 

Anal. Calcd. for CaaH380iN4: C, 67.08; H, 6.1; N ,  8.95; OCH3, 4.95. Found: 
C, 66.66, 66.90; H, 5.9, 6.0; N ,  8.95, 9.19; OCHa, 4.6, 4.4. 

When monomethyl chlorin g is shaken in ether solution with 25y0 potassium hy- 
droxide in propyl alcohol, an unstable chlorin is obtained which changes to phaeopur- 
purin 18 slowly on standing, or immediately on warming. 

Pyrolysis of Monomethyl Chlorin g.-Pyrolysis in diphenyl results in the removal of 
the two bridge carbon atoms and methyl group forming free isorhodoporphyrin as the 
main product. A solution of 300 mg. of the chlorin in 50 g. of diphenyl was boiled in 
nitrogen for five minutes. The product in 6 liters of ether had a brown-red color 
and was worked up in the usual manner. The main product, a porphyrin, was ex- 
tracted with 8 to 10yo acid, leaving traces of chlorin in the mother liquor. The spectra 
in acid and ether were identical with those of isorhodoporphyrin; yield, 50 mg. of crys- 
talline isorhodoporphyrin. 

Anal. Calcd. for CSSH38N40, (monomethyl ester): OCHa, 5.60. Found: OCH8, 
0.61, 0.84. 

Transformation to Dimethyl Phaeopurpurin ?'.-Monomethyl chlorin g unlike the 
ordinary "unstable chlorins" is unchanged after standing for a few weeks in ether solu- 
tion, but on treatment with diazomethane, dimethyl phaeopurpurin 7 (a triester) forms 
immediately. This product was identified by spectrum in acid and ether, by acid num- 
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ber and by analysis. I t  was thus shown to be identical with "synthetic" dimethyl 
phaeopurpurin 7. 

The spectrum in ether: I, 712-451 ; 11, ---63fS-613--- (very weak) ; 111, 554- 
549-529---; IV, 516---512489---. E. A. 443. Order: I, IV, 111.11. 

Anal. Calcd. for Ca~H4a07N4: C, 67.9; H, 6.4; N, 8.56; OCHs, 14.2. Found: 
C, 67.75; H, 6.53; OCH,, 14.0, 13.7. 

Conversion of Diethyl Methyl Ester to Diethyl 1sorhodoporphyrin.-The carefully 
fractionated ether solution of a preparation of monomethyl chlorin g was treated with 
diazoethane whereby diethyl phaeopurpurin 7 (phaeopurpurin 7 is a monomethyl ester) 
was formed. The isolated crystalline product (430 mg.) was dissolved in 75 cc. of pyri- 
dine, 1.5 g of anhydrous sodium carbonate was added and the solution was refluxed 
for three hours. On transferring to 10 liters of ether the solution had a good porphyrin 
color, the main product being diethyl isorhodoporphyrin with traces of a low porphyrin 
and of a high chlorin. The yield was 135 mg. After recrystallization from chloroform- 
methyl alcohol, the melting point was 240-241 O. The recrystallized diethyl ester pre- 
pared by the action of diazoethane on the ferricyanide oxidation product of chlorin f 
melted a t  236-2380.13 The mixed melting point lay between these two values. 

Anal. Calcd. for C~aHa404N4 (diethyl ester): C, 71.52; H, 7.6; N, 9.7; OC2Hsr 
15.3. Found: C, 71.90,71.71; H, 6.91, 6.48; N, 9.30; OCzHs, 15.4, 14.0. 

A further identification of the product as a diethyl ester was obtained by using a 
solution of trimethylamine as absorbent in the Zeisel determination.'* Authentic 
samples of methyl ethyl and of diethyl isorhodoporphyrin were analyzed at  the same time 
to serve as controls on the method. 

Preparation of Phaeopurpurin 7 from Various Plant Sources 

(a) From Commercial Phaeophytin.-Oxidative hydrolysis under phase test con- 
ditions of phaeophytin results in the formation of unstable chlorins which change over 
in the course of several days to phaeopurpurin 18 and 1 to 2% of phaeopurpurin 7. 
The evidence indicates that the major form of chlorophyll a has a carbomethoxy group 
on a carbon atom attached to the bridge position as in alpha monomethyl chlorin g, 
which probably precedes phaeopurpurin 18 in the above-mentioned hydrolysis of phaeo- 
phytin. The preparation of phaeopurpurin 7 in this way was carried out as follows. 
Eighteen grams of phaeophytin was dissolved in 60 cc. of pyridine, the solution was 
diluted with 4 liters of ether and then shaken for eight minutes with a solution of 400 
cc. of 20% potassium hydroxide in propyl alcohol which had been previously saturated 
with oxygen. The product was transferred to ten liters of ether and a large amount of 
ether-insoluble scum was formed. After standing for five days the solution was frac- 
tionated. Some strongly basic chlorin was removed by 4 to 7% hydrochloric acid and the 
phaeopurpurin 7 was then extracted with 8 to 13% acid. The yield after refractionation 
was 230 mg. of very small black crystals Phaeopurpurin 18 was isolated from the resi- 
due in 15% yield. 

Anal. Calcd. for C ~ ~ H S S O ~ N ~ :  OCHS, 4.95. Found: OCHj, 3.97, 4.14 

(b) From Spinach Chlorophyll.-An oxidative hydrolysis was carried out under 
similar conditions on chlorophyll isolated from spinach according to the Willstatter 
procedure. A solution of 25 g. of chlorophyll in 70 cc. of pyridine was added to 4.5 
liters of ether and the whole shaken for eight minutes with 450 cc. of 20% potassium 
hydroxide in propyl alcohol. (The alkali was previously saturated with oxygen ) 
The green mixture was diluted and the product transferred to 12 liters of ether. After 
four days the solution was fractionated. Extraction with 6% acid removed some low 

(13) Txrs JOURNAL, 66, 795 (1933). 
(14) Pregl, "Microanalysis," second English edition, p. 190. 



chlorin. Extraction with 8 to 13% acid removed a mixture of phaeopurpurin 7 and rho- 
din g which it was impossible to resolve by further fractionation. A separation was 
easily accomplished, however, by making use of the rapid reaction of the rhodin g 
with semicarbazide hydrochloride to form a derivative of low acid number. This 
could then be readily removed from the unchanged phaeopurpurin 7 by acid fractionation. 
The presence of small amounts of carotenoid pigments appears to increase the percentage 
of non-oxidative hydrolysis which produces chlorin e and rhodin g, and in general seems 
to decrease the destruction of the rhodins by alkali 

The separation of phaeopurpurin and rhadin was actually carried out as follows. 
The mixture was taken to dryness and dissolved in 15 cc. of pyridine; 0.7 g. of anhydrous 
sodium carbonate and 0.7 g. of semicarbazide hydrochloride were added and the mixture 
was allowed to stand a t  room temperature for ten minutes. The product was trans- 
ferred to five liters of ether. Extraction with 5 to 7% acid readily removed the semi- 
carbazone of the rhodin, leaving phaeopurpurin 7 and a little high chlorin as the only 
other products. The yield of phaeopurpurin 7 after fractionation was 150 mg. 

The phaeopurpurin 7 obtained from both of the above sources is not quite identical 
in physical properties with the compound prepared by hydrolysis of the dimethyl ester 
and whose chemical transformations were described in the fourth paper. However, it  
gives the same pyrolysis and saponification products.16 I t  is browner in ether solution, 
but has the same green color in acid; the acid number is somewhat higher (10) and less 
sharp. A sample in ether solution was unchanged after two months. A sample of solid 
material after a year had changed completely to phaeopurpurin 18 and unidentifiable 
compounds of lower acid number. The spectrum in ether: I,  7 1 H 4 9 ;  11, 545- 
524.5; 111, 515---509484.5. E. A. 442. Order: I, 111, IT. 

Aml. Calcd. for C3sH3807Nd: C, 67.1; H, 6.1; N, 8.95; OCHs, 4.95. Found: 
C, 67.64, 67.46; H, 6.17, 6.39; OCH3, 4.2,3.9. 

A dimethyl ester of identical spectrum is formed on methylation with diazomethane. 
The acid number was 13. 

Pyrolysis of Phaeopurpurin 7 from Phaeophyth-Duplicate pyrolyses were carried 
out in diphenyl in nitrogen, the solution being boiled for ten minutes, then removed 
from the bath and swept for a further twenty minutes. Under these conditions 0.9 
mol of carbon dioxide was evolved and carbon moxioxide was detected in both cases. 
The product from 240 mg. was resolved by acid fractionation into a porphyrin fraction 
(8 to 9% acid) with the spectrum of isorhodoporphyrin, and a chlorin fraction with the 
spectrum of chlorinj. The yields were 17 mg. and 25 mg., respectively, and the analyses 
check the formulas for the monomethyl compounds in both cases. This behavior is 
identical with that of "synthetic" phaeopurpurin 7 and further supports the existence of 
a p-carbomethoxyl group in both compounds. 

Anal. Calcd. for CaH3sN404: C, 71.5; H, 6.9; N, 10.11; OCHs, 5.6. Found for 
thechlorin: C, 71.44, 71.67; H, 7.0,6.8; OCH,, 5.14. 

Anal. Calcd. for Cs3H3~N404: C, 71.73; H, 6.5; N, 10.15; OCHs, 5.62. Found 
for the porphyrin: C, 71.50, 71.16; H, 7.2, 7.0; N, 9.99' OCH,, 5.25. 

Hydrolysis of Phaeopurpurin 7 from Spinach Chlorophyll.--It has been shown above 
that the propionic ester group in methyl phaeophorbide a is readily hydrolyzed even 
in 0.04 potassium hydroxide solution a t  0". Unpublished experiments of Mr. J. L. 
Hartwell in this Laboratory have shown that other derivatives which contain this 
grouping lose the ester group with similar ease, while 0-carbomethoxy ester groups are 
held for a much longer time. It seemed advisable therefore to carry out a mild hy- 
drolysis under the standardized conditions. The survival of the methoxyl group (OCHs: 
5.0, 4.85) after five hours in 0.03 N potassium hydroxide is considered as further evi- 

(15) THIS JOURNAL, 53, 359 (1931). 



dence that it is the 6-carboxyl rather than the propionic acid group in phaeopurpurin 
7 which is esterified. 

A small sample of phaeopurpurin 7 from spinach chlorophyll was heated for five 
minutes with 25% potassium hydroxide in methyl alcohol in nitrogen. Like "synthetic" 
phaeopurpurin 7, it readily lost the bridge grouping forming chlorin f and a smaller amount 
of isorhodoporphyrin. Both products were identified by spectra and acid number. 

Estimation of the Precursor of Phaeopurpurin '/.-The indicated evidence for the 
existence of a chlorophyll as with the carbomethoxy group on the beta position of a pyr- 
role ring makes it important to find a convenient means of its estimation in chlorophylls 
of various sources, with the hope of isolating it in pure form from some favorable source. 
No direct method of estimation has been found thus far, due apparently to the very 
similar chemical and physical properties of chlorophylls al and a*. The method used 
involves the estimation in solution of the relative proportions of phaeopurpurins 7 and 18 
formed on oxidative hydrolysis under standard conditions. The chlorophyll should 
be free of carotenoids which otherwise interfere with the oxidative hydrolysis One 
hundred milligrams of substance is dissolved in 5 cc. of pyridine and diluted with 150 
ce, of ether. The solution is shaken with one-tenth its volume of 20% potassium hy- 
droxide in propyl alcohol for eight minutes. An equal volume of ether is added and the 
product is transferred to it. After three to four days it is extracted with 6% acid to 
remove any chlorin e, then with 100 cc. extracts of 8, 10 and 12% acid until phaeopur- 
purin 18 begins to be extracted. The residue, when freed of carotenoids makes up the 
phaeopurpurin 18 fraction. The spectrum shows only very faint rhodin lines. The phaeo- 
purpurin 7 fractions are combined and the relative proportions of both phaeopurpurins 
are determined by comparison with standard solutions in a comparison spectroscope. 

The following percentages of phaeopurpurin 7 referred to the total phaeopurpurin 
concentration (7 and 18) were obtained from various sources and estimated according to 
the above procedure: chlorophyll from spinach 2%; commercial phaeophytin 8%; 
crystalline ethyl chlorophyllides (second crops from mother liquors) from Datura 10 
to  23%; crude chlorophyll from marine fucus 1%; crude chlorophyll from a filamentous 
chlorophycea about 1%; crude methyl phaeophorbide a from phaeophytin by Will- 
statter's procedure 18%; methyl phaeophorbide a after purification by partial hydroly- 
sis (see above) 4% ; the same after two recrystallizations from acetone-ligroin 0%; free 
phaeophorbide a from chlorophyllides from Datura 6%. 

Summary 
1. Methyl phaeophorbide a may be prepared in a pure condition from 

methyl chlorophyllide a, or from phaeophytin if the first crude product is 
subjected to a fractional hydrolysis. The composition of pure methyl 
phaeophorbide a is C36H38N406. 

2. After several recrystallizations, pure methyl phaeophorbide a yields 
no phaeopurpurin 7 on oxidative hydrolysis with strong alkali. With dilute 
alkali under oxidative conditions a monomethyl ester of chlorin g (the un- 
stable chlorin) is formed. The carbomethoxy group of this compound has 
been shown to be part of the bridge grouping. This confirms the position 
of the methyl group in chlorophyll a assigned in Fischer's formula. 

3. The precursor of phaeopurpurin 7 seems to be a second form of 
chlorophyll a; the carbomethoxy group in this compound is attached to the 
pyrrole ring. Evidence has been obtained indicating the existence of this 
second form in crude chlorophyll from a number of sources. A lactam 
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formula for chlorophyll a seems to offer the best explanation a t  present of 
the transformations of the predominant form and to allow for the existence 
of a second similar form with the methoxyl group in a different position. 

CAMBRIDGE, MASSACHUSETTS RECEIVED DECEMBER 27,1932 
PUBLISHED FEBRUARY 9,1933 

Notes 
The Intramolecular Rearrangement of Phenyl Ethers with the Aid of 

Aluminum Chloride 

The literature contains reports concerning the rearrangement of alkyl 
phenyl ethers to substituted phenols through the agencies of heat, zinc 
chloride; hydrogen chloride, sulfuric acid, sulfuric and glacial acetic acids, 
boron fluoride, etc. 

Due to  the fact that rearrangement of m-cresyl isopropyl ether leads 
to the formation of the commercially important thymol (and its isomers), 
this transformation has received careful study.' Niederl and Natelson 
first effected the reaction with a sulfuric-glacial acetic acid solution; the 
same products were obtained by Sowa, Nieuwland and Hinton using 
boron fluoride as the rearranging agent. The same products obtained by 
these workers are also obtained when aluminum chloride is used in the 
role of the agent favoring the intramolecular rearrangement. This agent 
simplifies the experimental procedure. It is believed that  this type of 
rearrangement h l d s  promise for further study into the interesting field of 
ether rearrangement, and a more comprehensive study is contemplated. 

Procedure.-One mole of aluminum chloride was slowly added (twenty 
minutes) to one mole of m-cresyl isopropyl ether contained in a flask sur- 
rounded by a cooling bath. Heat was evolved, and the liquid became 
discolored. The mixture was allowed to stand for twenty-four hours and 
then hydrolyzed with ice water. The organic liquid which then separated 
was water washed and distilled. Practically all the liquid came over be- 
tween 228 and 224'; i t  has been shown in the previous rearrangements 
that such a fraction consists of thymol and the para substituted isomer, 
p-isopropyl-m-methylphenol. The product was alkali soluble and ferric 
chloride colored its alcohol solution; ng 1.5274. The yield of redistilled 
product was 65%. There was no unrearranged ether and no m-cresol. 

CONTRIBUTION FROM THE RECEIVED OCTOBER 13, 1932 
CHEMICAL LABORATORY OF THE PUBLI~IIED FEBRUARY 9, 1933 
WASHINGTON SQUARE COLLEGE OF 
NEW YORK UNIVERSITY 
Nbw YORK, N. Y. 

(1) Niederl and Natelson, THIS JOURNAL, 63, 1928 (1931); 54, 1063 (1932); Niederl, Natelson and 
Smith, Indianapolis Meeting of the American Chemical Society, 1931; Sowa, Nieuwland and Hinton, 
THIS JOURNAL, 64, 2019 (19321. 



The Absence of Fatty Acids Associated with Potato Starch 

BY LEO LEHRMAN AND ELVIN &BAT 

In  the course of some work on potato starch1 it was necessary to know 
the amount of fatty acid, if any, associated with the starch. Though 
0.04y0 "fat by hydrolysis," has been reported in this ~ t a r c h , ~  Taylor and 
other workers in this field now believe that it is fat free. 

To  establish this point definitely we extracted a 50-g. sample of potato 
starch with petroleum ether for several hours and found 0.02yo extraneous 
extractable material. Then we hydrolyzed3 2000 g. of the starch and found 
approximately 0.02% "fat by hydrolysis." 

Thus potato starch does not contain fatty acids associated with it and 
is the best whole starch to use as carbohydrate. 

(1) The authors wish to thank Stein, Hall Rr Co , Inc.. N. Y. C. ,  for their kindness in supplying this 
material. 

(2) Taylor and Nelson, THIS JOURNAI., 42, 1726 (1920). 
(3) Lehrman, zbzd., 51, 2185 (1929). 

CONTRIBUTION FROM THE RECEIVED OCTOBER 29,1932 
CHEMICAL LABORATORY OF THE PUBLISHED FEBRUARY 9,1933 
COLLEGE OF THE CITY OF NEW YORK 

NEW YORK CITY 

COMMUNICATIONS TO T H E  EDITOR 

AN EQUATION RELATING DENSITY AND CONCENTRATION 

Sir: 
Redlich and Rosenfeld [Z. physik. Chem., A155, 65 (1931)] have shown 

on the basis of the Debye-Hiickel theory that the partial molal volume of an 
electrolyte in dilute aqueous solution is proportional to the square root of 
the normality. This gives a theoretical basis for Masson's empirical rule 
[Phil. Mag., (7) 8, 218 (1929)l connecting the apparent solution volume of 
a salt with its concentration in the solution. 

+ = $ o + K z / z  

The relation between the concentration and density of a salt solution and 
the apparent solution volume of the salt can be shown to be 

By combining these two equations one obtains for the equation relating the 
density and normality of a solution of a strong electrolyte in water , 

D = DO + clN + cgN3/a 

where cl and cz are constants, and DO is the density of pure water. 
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This equation was found to hold within the limits of experimental error 
for solutions of the alkali (without lithium) and alkaline earth halides to 
a concentration a t  least as high as 10 N; and for sulfuric acid to a con- 
centration of about 25 N (75 wt. %) where there was a point of inflection. 
The constants cl and cz were found to be additive. 

THE SPECIFIC SURFACE AND THE ADSORBENT PROPERTIES OF LEAD 
SULFATE 

Sir: 
1. In agreement with the results of F. Paneth and W. Vorwerk [Z. 

physik. Chem., 101, 445, 480 (1922)], it was found that the specific surface 
of lead sulfate was the same in suspensions in water as in the presence of 
an excess of lead nitrate. P. and V. derived an equation from which may be 
inferred that in the suspension of lead sulfate in water about 40% of the 
surface of the solid was covered with adsorbed lead ions, whereas the 
surface was covered with a monatomic layer of lead ions in a solution of 
0.005 molar lead nitrate. We determined also the specific surface of lead 
sulfate in dilute solutions of sodium sulfate and found the same value as 
before. This constancy of the specific surface indicates that lead sulfate 
adsorbs neither lead ions from dilute lead nitrate solutions nor sulfate 
from dilute sodium sulfate solutions. This conclusion was supported by 
the determination of the adsorption of the two salts according to chemical 
methods. Considering that we worked with coarsely crystalline precipitates 
of lead sulfate (of the same size as those of P. and V.) it is quite possible that 
an adsorption takes place at  the corners and the edges. If the latter would 
have been completely covered with adsorbed lead or sulfate ions, the ad- 
sorption would amount to less than 0.1% of the total surface of the coarse 
crystals, which is beyond detection by the experimental methods used. 

2. The adsorption of the sodium salt of Ponceau 4R by lead sulfate 
was determined under various conditions. I t  was found that only dye 
ions were adsorbed, no sodium ions being removed from the solution. 
This means that we are dealing here with an exchange adsorption, sulfate 
ions being replaced by ponceau ions in the surface. Experiments are 
being carried out in this Laboratory with various ionic precipitates showing 
that the exchange adsorption occurs quite generally. 

A detailed account of all the work will soon be presented for publication. 
SCHOOL OF CHEMISTRY I. M. KOLTHOPF 
UNIVERSITY OF MINNESOTA CHARLES ROSENBLUM 

MINNEAPOLIS, MINNESOTA 

RECEIVED DECEMBER 6, 1932 PUBLISHED FEBRUARY 9, 1933 



MODIFICATION OF THE DUMAS TECHNIQUE FOR SUBSTANCES DIFFICULT 
TO BURN 

Sir: 
When a large number of nitrogen determinations by the Dumas method 

is to be made it is common practice to abandon the classical method, which 
requires emptying and refilling the combustion tube for each determination, 
and instead to proceed as in the determination of carbon and hydrogen, 
weighing the substance into a combustion boat, covering i t  with fine copper 
oxide and inserting it into the posterior end of the filled tube. This 
method has obvious advantages that do not need comment here. How- 
ever, in the case of substances that are difficult to burn this modification 
may lead to low results because of incomplete combustion. In the work 
on the lupine alkaloids being conducted in this Laboratory it was found 
that some of these substances could not be analyzed in this way on account 
of the fact that they yielded non-volatile split products that were deposited 
on the walls of the tube out of contact with copper oxide and were not 
thoroughly oxidized. 

A method for overcoming this difficulty while preserving the advantages 
of the general method has been developed and is here described for the 
benefit of those who may encounter similar difficulties. In principle the 
new technique involves mixing the weighed substance with a large excess of 
copper oxide and packing this into a metal tube which is then inserted into 
the combustion tube in the location ordinarily used for the combustion 
boat. We are using a copper tube 15 cm. long and 1.27 cm. external and 
1 cm. internal diameter. The tube is ignited, cooled and filled as follows. 

The forward end of this tube, which we refer to as a cartridge, is looskly 
plugged with a centimeter long roll of copper gauze. Upon this is poured 
with the aid of a solid funnel about two centimeters of previously ignited 
fine copper oxide,' then the substance mixed with copper oxide enough 
to form a layer of ten to twelve centimeters is poured in, the mortar is 
rinsed with fine copper oxide and the rinsing added to the cartridge until 
it  is filled. I t  may now be inserted in the combustion tube, backed in the 
usual manner with a roll of oxidized copper gauze and the combustion 
carried out according to the classical technique. 

At the conclusion of the analysis the cold cartridge may be emptied of 
its spent charge and if it is handled with tongs will be ready for a new charge 
without reignition. 

Somewhat high results may be expected from the use of such a cartridge 
because the air adsorbed on the fine copper oxide cannot be displaced 
completely by the carbon dioxide stream. Blank runs, however, indicate 
that the error due to this factor is no greater than that encountered in the 
ordinary technique. The excess air due to the cartridge amounts, on the 

(1) Copper oxide is usually sufficient, but the cartridge may be filled with lead chromate or with 
mixtures of catalytic oxides when desirable. 
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average, to 0.2 cc. The results obtained by this method have been satis- 
factory as the following table will indicate. 

Substance % N without cartridge % N with cartridge Calcd. 

Sparteine mercuric chloride 2.01 4.83 4 .86  
Alkaloid A from Lupinus caudotus 5.90 6.17 9.62 9.73 10.03 10 13 10.02 
Alkaloid from L e i n u s  cruckshanksiz 6.97 9.60 10.34 10 23 
Alkaloid from Lupinus palmeri 9.54 9.31 9.97 10.07 
Alkaloid from Lupinus andersoni 6.61 6.51 10.47 

CONCERNING THE EXISTENCE OF THE SO-CALLED HEATS OF TRANSFER 
(Q* VALUES) IN PELTIER HEATS 

Sir: 

To explain the Ludwig-Soret effect, Eastman [THIS JOURNAL, 48, 1482 
(1926)] introduced the concept of the heat of transfer (Q*) [the heat of 
transfer of a mole of component A is designated as QA by Eastman], a 
latent heat which appears a t  some point in a homogeneous solution when 
a mole of dissolved component is transferred from this point to another 
place in the solution. The same quantity occurs in a discussion of elec- 
trolytic thermal forces. Wagner [Ann. Physik, (5) 3, 629 (1929)l and 
later Lange and co-workers [Lange and Mischtschenko, 2. physik. Chem., 
A149, 1 (1930)l extended these considerations to the electrolytic Peltier 
heats. According to them 

(nd is the Peltier heat given up at the anode by a mole of the potential 
determining ion i of valence ;3,, nc and n~ are transference numbers and 
Q*c and Q** are molar heats of transfer of cation and anion). 

To date the following evidence for the existence of these novel heat 
effects (Q*) could be advanced: (1) Eastman [THIS JOURNAL, 50, 292 
(1928)] found a certain agreement between the Q* values determined from 
Ludwig-Soret coefficients and estimated from suitable thermo-electric 
measurements. 

(2) Thermo-electric forces between differently oriented single crystals 
of the same metal can only be explained by Q* values depending on direc- 
tion [Wagner, loc. cit.] if one does not wish to postulate a directional 
dependence of S. 

(3) Measurements of the Ludwig-Soret effect and of thermoelectric 
forces on solid salts and mixed crystals have been explained by use of 
heats of transfer [Reinhold, 2. physik. Chem., B11, 321 (1931)l. 

All these proofs rest on measurements made on non-isothermal systems, 



which, because of unavoidable irreversible heat conductivity, can only be 
treated thermodynamically under limited conditions [cf. Boltzmann, 
Sitzungsber. Akad. Wiss. Wien, Math. Naturw. Klasse, 96, 1285 (1887)l. 

It therefore seemed desirable to test the assumption of heats of transfer 
by means of electrolytic Peltier heats which can be measured isothermally 
[Lange and Monheim, 2. physik. Chem., A150, 186 (1930)l. 

Peltier heats, measured with a sensitive differential calorimeter [Lange 
and Robinson, Chem. Rev., 9, 89 (1931)l of the system Ag/AgNOs con- 
firmed more exactly than previously the validity of the Thomson relation- 
ship between Peltier heat (a) and thermo-electric force ( E )  

for electrolyte systems, so that objections raised against the non-isothermal 
foundations mentioned above have been weakened [Lange and Hesse, 
2. Elektrochem., 38, 428 (1932)l. 

-2.5 -2 -1.5 - 1 -0.5 0 
Logarithm of electrolyte (HCI, KCl, LiCI) concentration. 

Fig. 1.-Electrolytic Peltier heats of the system Ag/AgCl/HCI 
(KCI, LiCI). 

Peltier heats were also measured a t  25' for the system Ag/AgCl/Cl- 
in the presence of different cations (Kf, Hf ,  Li+). 

According to equation (1) it follows for equal C1- concentration that 

A more exact discussion shows that the first term on the right is prac- 
tically zero for the small concentrations of the investigation. Therefore 
without consideration of the Q* terms the electrolytic Peltier heats should 
be equal within the limits of experimental error for the different electrolytes. 
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As a matter of fact there are appreciable differences (almost 3 kcal.) even 
in 0.01 M solutions as the figure shows. 

The existence of and therewith the necessity for considering these Q* 
terms which Eastman introduced is thus established. It is also evident 
that the differences of partial molar entropies can not be determined by 
employing Peltier heats and thermo-electric forces alone [cf., on the con- 
trary, Bruzs, Z. physik. Chem., A161, 83 (1932)l. 

A more detailed presentation of this material will be published shortly 
in a Geniian journal. 

PHYSICAL CHEMISTRY LABORATORY E. LANGE 
OF THE UNIVERSITY TH. HESSE 
ERLANGEN, GERMANY 

RECEIVED JANUARY 6, 1933 PUBLISHED FEBRUARY 9, 1933 

THE THERMAL INTERCONVERSION OF MIXED BENZOINS 

Sir: 
Julian and Passler [THIS JOURNAL, 54,4756 (1932) ] record another case 

of the transformation of the mixed benzoin not formed by the cyanide 
condensation (anisbenzoin) into the isomer formed by the cyanide method 
(benzanisoin). The reverse transformation, which is the object of our 
work, has not hitherto been recorded The present writers have found 
that pure benzanisoin (cyanide condensation), after heating for three 
hours at  125-130' and fractionation from cold dilute alcohol, gives appre- 
ciable amounts of anisbenzoin, m. p. 8g0, identical with Asahina and 
Terasaka's compound. Evidently, above the melting point, an equilibrium 
lying far over to the side of benzanisoin exists. The amount of pure 
anisbenzoin isolated, after heating, from 20 g. of benzanisoin was 0.10 g.  but 
considerably more was present. 

EXPERIMENTAL RESEARCH LABORATORIES JOHANNES S. BUCK 
BURROUGHS WELLCOME AND CO. WALTER S. IDE 
TUCKAHOE, N. Y. 

RECEIVED JANUARY 9, 1933 PUBLISHED FEBRUARY 9, 1933 

THE NEUTRON, THE ATOMIC NUCLEUS AND MASS DEFECTS 

Sir: 
Two general theories of the constitution of atomic nuclei have been 

proposed : (1) that the nucleus is built up largely from a-particles (Harkins 
and Wilson1) and (2) that the Harkins-Masson2 nuclear formula (#ze),(pe)I 
(a), (np),n., (b) or (cr/2),n1 (c), represents the constitution of any nucleus 

(1) (a) Harkins and Wilson, Proc. Nal. rlcad. Sci., 1, 276 (1915); (b) Tnrs JOURNAL, 37, 1368, 
1383 (1915). 

(2) (a) Harkins, THIS JOURNAL, 42, 1956 (1920); Phil. Mag., 42, 306 (1921). See also Ref. l (b)  
and Durrant, THIS JOURNAL, 39, 621-7 (1917). (b) Masson, Phil. Mag. 



(Hei~enberg.~ See also the earlier paper of Iwenko4). Here p represents 
a neutron; e, an electron; n, a neutron; a,  an a-particle, and z and I, 
the atomic and isotopic numbers. Form (b) of the formula expresses the 
Heisenberg theory best, though he does not deny the existence of a-par- 
ticles in the nucleus. Obviously the total number of neutrons is 

in which Z gives the number of neutrons combined with protons, and I 
the number of "extra" neutrons. 

The energy of binding of (a) a proton and electron to give a neutron 
is one million electron volts, of (b) a neutron and proton to give H2 is 
also one, while that of two Hz atoms to give one helium atom is 23 million 
electron volts (Table I). The values for (a) and (b) are uncertain, but 
the sum is 1.91.106. 

Thus the pairing of the neutrons and extra protons in the helium nucleus 
involves a binding energy twelve times as great as the sum of the bind- 
ing energies of (1) a proton and an electron, and (2) of a neutron and a 
proton. 

Thus if a neutron enters into an a-particle it is subjected to such ex- 

Proton Neutron 
Odd Even Odd Even 

HZ 
Odd Even 

23.2 
3.42 

6.8 
(4.2 av.) 

9 . 3  
(7.4 av.) 

8.5 

20.0 

(12.4 av.) 

" This value is not directly comparable with the others in this column, since it 
relates to the formation of a nucleus which does not contain a whole number of a-groups. 

(3) Heisenberg, 2. Physik, 77, 1 (1932): 78, 158 (1932). 
(4) Iwenko. NaArc, 129, 798 (1932). 
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tremely powerful forces of polarization that if it does not entirely lose its 
individuality it becomes very different from a neutron not thus combined. 

Table I also gives the approximate binding energy for the union of any 
atom listed in column I with a proton, neutron, or H2 nucleus. Column 6 
shows that the binding energy for the union of an a/2 group is much 
larger (value about 20 million volts) if the final number of such groups in 
the nucleus is even, than if this number is odd (from 3 to 9 million volts). 
If the final number is even, then the last p2e group presumably forms an 
a-particle with the odd p2e group already present. Rdativdy high values 
are also found for the completion of an a-particle, by a proton (column 3, 
about 14 million volts for Li7 and ~",:though only 6.8 for FIB). NO data 
are available for the calculation of the binding energy for a single neutron 
in any case in which the final nucleus presumably consists of a-particles 
alone. 

TABLE I1 
MASS DEFECT OR BINDING ENERGY PER &-PARTICLE 

- Am m' = - x loP - Am' 
N ,  

- x io4 
N, 

Table I1 is of interest since it shows that the mass defect per a-particle 
rises rapidly with the number of a-particles contrary to the assumption 
of Gamow's f ~ r m u l a , ~  up to mass 52 (assumed number of a-particles = 13) 
and then decreases slowly with the mass number. There is no apparent 
discontinuity in the values where, between A36 and A40 according to  theory 
(1) the first pair of cementing or "free" electrons enters, or theory (2) 
the first set of "free" neutrons (4 in number) come into the nucleus. 

In a later paper the two theories will be compared on the basis of the 
above and other relations. In this connection, the mass numbers for 
magnesium, silicon, sulfur and calcium are badly needed, but are not a t  
present available. 

DEPARTMENT OF CHEMISTRY WILLIAM D. HARKINS 
UNIVERSITY OF CHICAGO 
CHICAGO. I L L ~ O I S  

RECEIVED JANUARY 14, 1933 PUBLISF~ED FEBRUARY 9, 1933 

(5) Gamow. "Constitution of Atomic Nuclei and Radioactivity," Oxford, 1981. 



THE ATOMIC WEIGHT OF CESIUM 

Sir: 
Some years ago about four kilograms of cesium nitrate was extracted 

from pollucite and fractionally crystallized in the hope of concentrating 
an  alkali element of higher atomic weight [Baxter, THIS JOURNAL, 37, 
286 (1915)'J. This hope was not realized. A part of the fourth and 
fifth less soluble fractions of the last (18th) series of this crystallization 
which together amounted to 1200 g. have been further purified by three 
crystallizations as perchlorate, and, after conversion to chloride and fusion, 
by three crystallizations as chloride, all in platinum. The product was 
tested spectrographically in an arc formed by pure copper electrodes and 
was found to be wholly free from rubidium and potassium so far as could 
be seen. Analysis was then carried out by fusing the chloride in a weighed 
piatinurn boat in a quartz bottling apparatus and then comparing the salt 
with silver nephelornetrically. I n  Analyses 1 and 2 the fusion atmosphere 
was nitrogen, in Analyses 3 and 4 the fusion atmosphere was hydrogen 
containing a small proportion of hydrogen chloride, while in Analysis 5 
it was hydrogen only. The close agreement of the results seems to indicate 
that  cesium chloride shows no tendency to become basic under these 
conditions nor to retain hydrogen chloride. 

i 
Analysis 

1 
2 
3 
4 
5 

THE ATOMIC WEIGHT OF CESIUM 

CsCl Ag 
~n vacuum, in vacuum, Ratio 

g. g. CsC1:Ag 

8.96291 5.74296 1.56068 
9.60983 6.15751 1.56067 
9.70288 6.21686 1.56074 
9.53125 6.10708 1.56069 
7.52304 4.82025 1.56072 

Average 1.56070 

Atomic wt. 
of cesium 

132.91 
132.91 
132.92 
132.91 
132.91 
132.91 

The atomic weight found in our experiments is about 0.1 unit higher 
than that found by Richards and Archibald [Proc. Am. Acad. Arts Sci., 
38, 443 (1903)] and Richards and Francon [THIS JOURNAL, 50, 2162 
(1928)], a difference which we can explain only by suggesting that the 
material used by these experimenters may not have been wholly free from 
rubidium and potassium, only 0.2% of even the former of which would be 
necessary to  explain the discrepancy. 

It is interesting that Aston [Proc. Roy. Soc., (London) A134,571 (1932) ; 
Phil. Mag., 42, 436 (1921) 1 and Bainbridge [J. Franklin Inst., 212, 317 
(1931)] agree that cesium is a simple element and that Aston calculates 
from measurements of its packing fraction (-5 X 10-3 an atomic weight 
of 132.917, using the conversion factor, 1.000125. With the factor 1.00022, 
cesium becomes 132.904. Our result therefore appears to  remove the 
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chief discrepancy between atomic weights determined by physicochemical 
methods and those obtained from mass-spectrographic data. 

We expect to continue work on this problem. 
COOL~DGE MEMORIAL LABORATORY G. P. BAXTER 
I~ARVARD UNIVERSITY J. S. THOMAS 
CAMBRIDGE, MASSACHUSETTS 

RECEIVED JANUARY 18, 1933 PUBLISHED FEBRUARY 9, 1933 

THE HABER-WILLST~LTTER CHAIN MECHANISM OF ORGANIC AND 
ENZYMATIC PROCESSES 

Sir: 
Haber and Willstatter [Ber., 64, 2844 (1931)] have proposed chain 

mechanisms for a number of organic and enzymotic processes of which 
we may cite the oxidation of alcohol as typical. Their reaction scheme is 

/ 
CHICH~OH + Enzyme = CH3CH(OH) + Mono desoxy-enzyme + H' (a) 

A similar chain can be set up for aldehyde oxidation. We have attempted 
to verify such a mechanism, starting the chain of processes a t  stage (c) 
by decomposing hydrogen peroxide photochemically in mixtures of alcohol 
and oxygen suitably agitated. We find that the photo-decomposition of 
peroxide markedly sensitizes the interaction of alcohol and oxygen. The 
oxidation process is a chain reaction, sensitive to inhibitors but the chain 
length is short. I t  is much shorter than the assumed chain length (- 106) 
in the communication of Haber and Willstatter. Dilute aqueous aldehyde 
solutions behave similarly and the chain length is somewhat longer. The 
detailed results will be communicated immediately. 

ORIENTATION IN THE FURAN NUCLEUS 

Sir: 
The introduction of an aldehydic group into 3-methylfuran, by means of 

hydrogen cyanide and hydrogen chloride, results in the formation of 3- 
methyl-2-furfural [Reichstein, Zschokke and Goerg, Helv. Chim. Acta, 14, 
1277 (1931)l. The nitro-p-methylfuran obtained from 3-methylfuran by 
the action of fuming nitric acid in acetic anhydride has been shown to be 
3-methyl-2-nitrofwan [Rinkes, Rec. trav. chim., 49, 1125 (1930)l by com- 
parison with an authentic specimen kindly provided by Dr. I. J. Rinkes. 
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The 3-methylfuran was synthesized by the following sequence of reac- 
tions: 3-furoic acid --+ 3-furoyl chloride -+ 3-furaldehyde --+ 3- 
furaldehyde-hydrazone + 3-methylfuran. It readily forms a chloro- 
mercuri compound (3-methyl-2-furylmercuric chloride) which melts a t  
142O, and such mercurials are recommended as satisfactory derivatives 
for the characterization of many furan compounds, including those with 
an a-carboxylic group [Rec. trav. chim., 51, 1054 (1931), and 52 (March) 
(1933)l. 

DEPARTMENT OF CHEMISTRY HENRY GILMAN 
IOWA STATE COLLEGE ROBERT R.  BURTNER 

AMES, IOWA 

RECEIVED JANUARY 23, 1933 PUBLISHED FEBRUARY 9, 1933 

T H E  EFFECT OF WATER ON THE PPIOTOSYP3THESIS OF HYDROGEN 
CHLORIDE 

Sir: 
In the last few months several papers have questioned the necessity of 

having water vapor present in order to bring about the photochemical 
union of hydrogen and chlorine in visible light [Rodebush and Klingel- 
hoefer, THIS JOURNAL 55, 130 (1933); Kimball and Eyring, ibid., 54, 
3876 (1932); Allmand and Craggs, Nature, 130, 927 (1932)l. Coehn and 
Jung [Z. physik. Chem., 110, 705 (1924)l reported several years ago that 
the reaction would not proceed if the water vapor pressure was reduced 
below lo-? mm., and the maximum rate was not attained unless the water 
vapor exceeded mm. In order to test this observation i t  is obvious 
that great care must be taken to prevent the accidental entry of sufficient 
water to cause the reaction to go. The most certain method is to carry 
out the experiments with the entire reaction vessel a t  such a temperature 
that the equilibrium value for the water vapor pressure is within the 
desired limits. We have performed such experiments a t  various tempera- 
tures between 145 and 200°K. and we find no evidence of the falling off 
in the rate such as reported by Coehn and Jung. If we had confirmed their 
results, there should have been a marked decrease in the rate between 160 
and 177°K. In a recent note Baker [Nature, 131,27 (1933) ] claims to have 
demonstrated the effect of water on this reaction as a lecture experiment. 
As he used phosphorus pentoxide to dry his gases the results he observed 
must have been due to inhibitors introduced by this reagent. We feel 
that our results show definitely that water vapor has no effect on the rate 
of photosynthesis of hydrogen chloride. 

In our experiments the reaction vessel was a Pyrex glass bulb placed 
in a lead block provided with a Pyrex window. This ensemble was sus- 
pended in a Dewar vessel and cooled by means of liquid air and a cold 
air blast. Resistance thermometers wound on the reaction vessel and 
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the lead block permitted accurate measurements of the temperature. 
In the temperature range covered, liquid or solid chlorine was present in 
the reaction vessel and therefore the rate could be followed by observing 
the pressure change. 

At the present time we are investigating the rate law over the tempera- 
ture range mentioned above. Preliminary results indicate that the de- 
pendence on the light absorbed changes from the first power to the square 
root as the temperature is lowered. 

CHEMISTR-I' DEPARTMENT G. K ROLLEESON 
UNIVERSITY OF CALIFORNIA J. C. POTTS 
RERKELBY, CALIFORNIA 

RECEIVED JANUARY 24, 1933 PUBLISHED FEBRUARY 9, 1933 

NEW BOOKS 

Hundert Jahre Liebigs Annalen der Chemie. (One Hundred Years of Liebig's Annalen 
der Chemie.) By RICHARD WILLSTATTER. Verlag Chemie, G. m. b. H., Cor- 
neliusstrasse 3, Berlin W 10, Germany, 1932. 12 pp. 14 X 22 cm. 

The appearance during December, 1932, of the 500th volume of Liebig's Annalsn 
der Chmie  is a significant event in the life history of our science. This periodical, 
founded by Liebig just one hundred years ago, has had in the past as editors a succession 
of the great organic chemists of Germany-Wohler, Kopp, Hofmann, Kekul6, Erlen- 
meyer, Volhard, Fittig, Von Baeyer, Wallach, Fischer, Graebe and Zincke. Today its 
editorial board consists of Willstatter, Wieland, Windaus and H. Fischer-every one 
of them a Nobel Prize laureate. In the pages of the Annalen are to be found a large 
proportion of the great classics of organic chemistry. Its five hundred volumes con- 
stitute substantially a history of the development of that science. 

What other scientific journal has so inspiring a past and so brilliant a present! 
ARTHUR B. LAMB 

An Introduction to Chemistry. By FRANK B. KENRICK, Professor of Chemistry in the 
University of Toronto. The University of Toronto Press, Toronto, Canada, 
1932. viii + 434 pp. 33 figs. 15 X 23 cm. Price, $3.00. 

Not since Ostwald's attempt, a quarter of a century ago, to account for the funda- 
mental laws of chemistry without the use of the atomic theory, has appeared a more 
interesting and consistent development of the principles of the science from actual 
laboratory observations than in "An Introduction to Chemistry" by Professor Kenrick. 
I t  is difficult to believe that in these days elementary students will "struggle" (to use 
the author's own word) with the labored and involved presentation of the subject, which 
is necessary when all terms and conceptions which are not rigidly defined by experiment 
are abandoned. I t  is equally difficult to believe that teachers will consider that a stu- 
dent can afford the time to master, for example, one hundred and forty-five difficult 
pages, in order to get the distinction between mechanical mixtures, solutions and pure 
substances. In short, to quote directly from the preface, "This will not be found to be a 
'teachable' book; a teachable book must be a learnable book, and that is a most danger- 



ous educational weapon. Chemistry is not a teachable subject; it  is a thing to be strug- 
gled with." 

If, however, this book is to be viewed, not as one to be used by a beginner, but as a 
protest by the author against the current elementary books, which are top-heavy with 
theory and riddled with vague and ambiguous terms, then it should be commended to 
those who can appreciate its significance and especially to teachers of elementary chem- 
istry. A brief description of the processes of the manufacture of salt, chlorine and caus- 
tic soda, and of the refining of crude sugar and accounts of the compositions of wood, of 
air, and of rocks, serve as illustrative material for the interpretation in laboratory terms 
of a number of the common chemical words, such as constituent, dissolved constituent, 
composition, solution, pure substance, element, atomic weight, molecular weight, chemi- 
cal formula, ion, dissociation and some others. 

The meaning of the term "constituent," for example, is developed with great care 
and a t  some length, since it is constantly referred to throughout the book. "A set of 
constituent substances of a material" is defined as "either a set of substances into which 
the material can be turned quantitatively or a set from which it can be made quantita- 
tive " This definition leads to the description of 2BYo brine as having eight different 
sets of constituents depending upon the point of view-namely, (1) salt + water, (2) 
concentrated hydrochloric acid + 32.5Yo caustic soda solution, (3) oxygen + hydrogen 
+ salt, (4) chlorine + hydrogen + cell liquor, (5) chlorine + hydrogen + water + 
salt + caustic soda, (6) chlorine + hydrogen + water + caustic soda, (7) chlorine + 
hydrogen + water + oxygen + sodium, (8) chlorine + oxygen + hydrogen + sodium. 
Whiie it must be granted that the term "constituent" is commonly used with different 
meanings in different connections, it does not seem to the reviewer to add to the clarity of 
the situation to say that the constituents of brine are solutions of hydrochloric acid and 
of caustic soda. 

The strictly logical derivations of many other terms as based upon experimental ob- 
servations lead to equally unusual definitions, which the reader is a t  first inclined to 
challenge. The book is thus most stimulating. While it is true that the meanings of 
many of our most common words, such as acid, are vague, the cumbersome phraseology 
of precise usage, which often involves long parentheses, is frequently unnecessary and 
confusing. This insistence on precision in all cases is not unlike a demand that all 
weighings should be made with the utmost accuracy, whether or not the final figures 
have significance So, in some instances, the author of this book may be open to uiti- 
cism as to his sense of proportion. 

In conclusion, the book is a most timely reaction against the current looseness of 
phrase and thought which has wandered too far into theory and away from experimental 
facts. If, in turn, this book may have gone too far in the other direction to be a prac- 
tical textbook, yet a careful reading of it should have a most desirable influence on the 
thoughtful students and teachers of the principles of chemistry. 

KENNETH L. MARK 

The Structure of Molecules. Edited by P. DEBYE. Authorized Translation by 
Winifred M. Deans, M.A., B.Sc. Blackie and Son, Ltd., 50 Old Bailey, London, 
E. C. 4, England, 1932. xii + 190 pp. 14.5 X 21.5 cm. Price, l5/-. 

This is a collection of the papers presented a t  the fourth summer conference a t  
Leipzig (1931), introduced by a two-page preface by Debye. The k s t  paper, by Wolf, 
Bodenheimer and Herold, presents a qualitative discussion of rotation about valence 
bonds together with applications of the concept of hindered rotation to the relative 
yields of optical isomers obtained in a number of type reactions. This is followed by an 
account of the experimental results of the study of the band spectra of polyatomic 
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molecules by Mecke, in which the classification and notation of normal vibrations re- 
ceive special attention. Rasetti offers a brief treatment of the theory of the Raman ef- 
fect and of the experimental technique employed in the study of this effect in crystals. 
In the succeeding paper Placzek presents a detailed mathematical analysis of the in- 
tensities and polarizations of Raman lines obtained from molecules of various symmetry 
types. The application of band spectra to the study of the dissociation of diatomic 
molecules is discussed by Sponer. Predissociation is reviewed in two papers, the first, 
by Henri, containing a large amount of experimental data, and the second, by Kronig, 
presenting a brief theoretical discussion of the topic. The concluding paper, by Herz- 
berg, deals with that branch of the recent additions to the theory of valence which has 
been de~eloped chiefly by Nund, Millliken and Herzberg, and which will apparently 
be of more value to the band spectroscopist than to the chemist. 

The papers vary somewhat in scope, but for the most part they are rather more 
comprehensive than the usual seminar report and less so than the average article of 
the review journals They are not well suited to those unfamiliar with the topics dis- 
cussed, but to the fairly advanced student they offer interesting and suggestive discus- 
sions of the several subjects. I t  is only natural that these discussions should be strongly 
colored by the personal interests of the authors. A small proportion of the material 
has not been published elsewhere, except in the German original. 

The work of translation has, on the whole, been well done, but one is led to question 
the desirability of translating books of this type both because the majority of their 
readers would prefer the original, and because the time consumed in translation is a 
considerable portion of such books' periods of usefulness. 

HUGH M. SMALLWOOD 

Fixed Nitrogen. Edited by HARRY A. CURTIS. American Chemical Society Mono- 
graph. The Chemical Catalog Company, Inc., 419 Fourth Ave., New York, 1932. 
517 pp. 82 figs. 15.5 X 23.5 cm. Price, $12.00. 

To one interested in the question of nitrogen fixation, this volume on Fixed Nitro- 
gen, edited by Harry A. Curtis, being No. 59 of the American Chemical Society Mono- 
graph Series, will prove a welcome and ready means of obtaining a t  once a fairly up-to- 
date record, both theoretical and practical, for such it is. Dr. Curtis himself, the author 
of four general introductory chapters covering the history, sources and utilization of 
fixed nitrogen, the Chilean nitrate industry, and fixed nitrogen from coal, chose well his 
collaborators, They were chosen from the research staff of the Fixed Nitrogen Re- 
search Laboratory or from past members of the staff who have served an important 
apprenticeship there. No one can read their contributions without admiration for the 
thoroughness of the work done. 

The reviewer has found nothing to criticize and much to praise. The whole plan 
of the book has been under each chapter to give the most modern development with a 
discussion of the theory upon which that development has been made and by which it 
is stil! guided. Careful reference has also been given to the best literature on each topic 
so that the student who desires more detail can readily obtain it. 

"The Arc Method of Nitrogen Fixation" has been covered by Norman W. Krase; 
"Synthetic Ammonia," by P. H. Emmett; "The Cyanamide Method of Nitrogen Fixa- 
tion" and the "Synthesis of Urea," by H. J. Krase; and "The Alkali Cyanide Method 
of Nitrogen Fixation," by E. W. Guernsey. The chapter "Nitrogen Fixation by 
Living Organisms," by F. E. Allison, gives, too, a careful resum6 of this subject, through 
which nitrogen is made available in soil. Aside from these specific topics, C. H. Kuns- 
man and Richard Wiebe have important chapters covering the important role which 
physics has played in the problem, with the physical properties of the gases involved 



and the studies of catalytic surfaces. An important chapter on "High Pressure Equip- 
ment and Technic," by J. R. Dilley and W. L. Edwards, will be of special importance to 
the mechanical engineer interested in this subject, not only in its application to nitrogen 
fixation but in other fields. The chapter reproduces detailed drawings to scale, clearly 
showing some of the mechanics by which the difficulties incident to high pressure have 
been overcome. The book closes with a chapter on "Synthetic Nitrogenous Fer- 
tilizers." by Wm. H. Ross and Albert R. Merz, and a chapter on "Nitrogen Statistics," 
by P. E. Howard. 

The book is well written and the typography is a credit to the series to which it be- 
longs. 

The reviewer realizes that the statement he has given is little more than a restate- 
ment of the table of contents, but the book is so replete with information, so well illus- 
trated, so entirely up to date theoretically and practically, that nothing else is possible 
within the limits available to him. He has no hesitancy whatever in recommending 
the book as having no equal in the field which it covers, rnz., that of the fixation of nitro- 
gen. 

CHARLES L PARSONS 
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The Role of Gaseous Oxygen in the Thermal Reaction between 
Manganic Ion and Oxalate Ion 

Introduction 
During the study of the kinetics of the reaction between permanganate 

ion and oxalate ion by a manometric method,' it was found that a t  higher 
concentrations of oxalate ion, the rate of pressure increase was lower when 
oxygen was present than when oxygen was absent from the gas space above 
the solution. Although the nature of the effect was not appreciated a t  
that time, care was taken to select conditions under which the effect did 
not manifest itself, or under which the effect of changing the concentration 
of the various reacting substances was essentially the same in the presence 
or absence of oxygen. 

Several investigators2 have observed a relationship between the partial 
pressures of oxygen and the rates of chemical reactions similar in type 
to the present one. No attempt was made, however, to explain the 
phenomena except on the basis of a highly specific deactivating property 
ascribed to oxygen. 

The writer believes that in the present article the role of oxygen in the 
manganic-oxalate reaction is explained on a purely chemical basis. 

Apparatus and Experimental Method 
The reaction rates were studied manometrically in an apparatus previously used 

by the writer, with a few minor modifications.1 Arrangements were made for freeing 
the reaction mixtures from oxygen by passing a rapid stream of purified nitrogen through 
the violently agitated solutions containing all but one component, the potassium oxa- 
late. This was continued for thirty minutes, during which time the temperature of the 
solution was maintained a t  40'. After recooling to 25.01 * 0.03 ", the temperature a t  
which all rate measurements were made, the last reactant, previously freed from oxygen 
in the same manner and kept under purified nitrogen a t  all times, was introduced. 
The system was then closed and pressure changes above or below atmospheric were 
read on the water manometer. 

(1) Launer, THIS JOURNAL, 64, 2597 (1932). 
(2) Jodlbauer, Z. Bhysik. Chem., 59, 513 (1907); Roseveare and Olson, THIS JOURNAL, 51, 1717 

(1929) ; Roseveare, ibid., 62,2612 (1930). 
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The nitrogen was taken from a cylinder and was purified by passing fust through a 
spiral wash bottle containing fresh alkaline pyrogallol solution, and then over bright 
copper turnings maintained a t  a temperature slightly below the softening point of Pyrex 
glass. 

The solutions were saturated with oxygen by passing this gas, previously freed from 
carbon dioxide, through the violently agitated solutions for five minutes. The solutions 
were saturated with air merely by allowing them to come to temperature in the appa- 
ratus. 

The carbon dioxide was determined a t  the end of the experiments by passing air 
freed from carbon dioxide, through the violently agitated solutions maintained a t  40'. 
for thirty minutes. This then passed through a special spiral absorption bottle, which 
could be completely dismantled, containing a known quantity of standard 0.2 N sodium 
hydroxide. An excess of barium chloride solution was then added and the mixture 
titrated with standard hydrochloric acid using phenolphthalein. The accuracy possible 
by this method is shown in the next paragraph. 

For purposes that will be apparent below, the Henry's law constant for carbon di- 
oxide for these solutions was determined. Weighed quantities of pure sodium car- 
bonate were sealed in capsules of very thin glass. These were introduced into typical 
reaction mixtures containing everything but the oxidizing agent. After the capsule 
had been broken in the closed system, the pressure became steady a t  its final value in 
less than one minute, incidentally showing the suitability of the apparatus. The carbon 
dioxide was then determined by the above method. These data are recorded in Table I 

NarCOa, Press. Cop, Mg. of C0z Mg. of COz Ratio press. 
g. cm. Hz0 (calcd.) found COz/wt. CO? 

In  order to study the pressure changes due to the absorption of oxygen, i t  was 
necessary to eliminate the carbon dioxide upon formation. For this purpose, a small, 
horseshoe-shaped metal tray, coated with paraffin and containing 2 g. of well granulated 
sodium hydroxide, was placed in the gas space out of reach of the solution. It was 
found that by this device carbon dioxide was absorbed twice as rapidly as was necessary 
for the most rapid reaction studied. 

The volume of the gas space was determined for all experiments to be 107 cc., by 
forcing a known volume of water into the closed system (already containing 100 CC. of 
water) and noting the pressures concerned. The volume of the liquid phase was always 
100.0 cc. 

The final pressures were obtained by heating the solutions to 50 O and recooling. 
"C. P." quality chemicals were used throughout. 

Preliminary Discussion 

The greater part of the rate data is grouped a t  the end of this article. 
For the purpose of clarity the principal results of the investigation will 

be presented and discussed a t  this point. When in contact with only pure 
nitrogen, a solution containing manganic, manganous, oxalate and hydro- 
gen ions, among other substances, at given concentrations lost its deep 
cherry-red color arising from tripositive manganese and became colorless 
in approximately fifty minutes. During this time the pressure had in- 
creased a t  a rate represented by curve 2 (Nz), Fig. 1, below, and the final 
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pressure was 48.3 cm. of water, as noted on Fig. 1. The weight of carbon 
dioxide was found to be 17.4 mg., which figure agrees well with 16.7 mg., 
the weight of carbon dioxide calculated from the amount of oxidizing 
agent added. 

When an identical solution was in contact with air, color was still 
definitely visible after one hundred and ten minutes, and the curve 2a 
(Air), Fig. 1, representing the rate of pressure increase, lay below 2(Nz) 
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Fig. 1.-The effect of oxygen. 

for approximately seventy minutes. The final pressure became, however, 
53.9 cm. of water, the difference not to be accounted for by experimental 
error. Furthermore, the weight of carbon dioxide in experiment 2a (Air) 
was found to be 49.1 mg. It was assumed, therefore, that oxygen had 
acted as a co-oxidizer to produce the additional carbon dioxide. 

This assumption was borne out by the following experiment, called 2b 
(Air). Experiment 2a (Air) was repeated, except that the small tray con- 



taining the sodium hydroxide was placed in the gas space. The sodium 
hydroxide absorbed the carbon dioxide, and thus any oxygen absorbed 
during the manganic-oxalate reaction caused a decrease in pressure. The 
rate of this pressure decrease is represented by curve 2b (Air), Fig. 1, the 
final pressure being -83.3 em. of water. 

Since oxygen was absorbed also in experiment 2a (Air), it is an obvious 
and necessary conclusion that the true pressures of carbon dioxide in 
experiment 2a (Air) at  any given time may be calculated by combining the 
data of experiments 2a (Air) and 2b (Air), thus giving curve 2ab (Air), 
shown below in Fig. 2. 

0 20 40 
Time in minutes. 

Fig. %-The effect of manganous Ion. 

It should be mentioned in this connection that solutions containing 
manganous ion, oxalate ion, acid, etc., under the same conditions as above, 
but containing no manganic ion, did not react a t  a measurable rate with 
oxygen. 
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These facts reveal the following rather unusual situation. If the 
rate of the manganic-oxalate reaction be studied by determining the 
amount of carbon dioxide formed, the rate of the reaction will, under cer- 
tain conditions, appear much higher in the presence of oxygen than in its 
absence. 

On the other hand, the rate of the reaction will appear much lower in the 
presence of oxygen than in its absence, if the rate be crudely measured by 
noting the large differences in color after fifty minutes or, more exactly, by 
titrating iodimetrically the tripositive manganese. This longer persistence 
of the color due to tripositive manganese when oxygen is present is shown 
by experiments below, the writer believes, to be due to the regeneration of 
manganic ion by a peroxide of carbon reacting with manganous ions to 
produce manganic ions. 

The Experiments and Discussion 

The compositions of all of the reacting mixtures are given in Table 11, 
below Fig. 1. Since all experiments whose titles begin with the same 
number have identical liquid composition (except with regard to the dis- 
solved gas), the composition of this mixture will be given in Table I1 op- 
posite that number. For example, the compositions of the solutions for 
experiments 2(N2), 2a (Air), 2b (Air), 2a (Oz) and 2b (02) are identical and 
are given simply opposite the number 2. 

The notations (Nz) and (02) signify that only pure nitrogen or pure oxy- 
gen, respectively, besides water vapor was present in the gas space a t  the 
beginning of the experiment. The letter "b" signifies that the carbon di- 
oxide absorber was in position in that experiment. The letter "a" signifies 
that the partial pressures of all gases were operating and hence the values 
of pressure were due not only to carbon dioxide produced, but also to the 
oxygen concurrently absorbed. 

The tripositive manganese was produced by adding permanganate to a 
solution containing an excess of manganous ion, acid and fluoride ion, 
the latter keeping tripositive manganese in solution by forming a complex 
manganic fluoride anion. In this way, no manganese higher than the tri- 
positive state was present when oxalate was added.' 

THE COMPOSITION OF THE REACTING MIXTURES 

Millimoles per liter of solution 
Reacting 
mixture KMnOl KzC201 MnSO4 KIISOI KF 

2 0.76 60 10 150 101 
13 .76 60 5 150 101 
6 .76 60 20 150 101 

14 .76 60 40 150 101 
3 .38 60 10 150 101 
4 .76 30 10 150 101 



The Mechanism 
In order to facilitate the subsequent correlation of experimental data, 

it was deemed advisable to suggest a t  this point the most probable mecha- 
nism of the participation of oxygen. 

In  the absence of oxygen, or under conditions under which oxygen does 
not participate, the manganic-oxalate reaction was found to be well 
represented by the following series of equations1 

Mn+++ + 2C20r-- = Mn(Ca0.1)z- (rapid, reversible) (1) 
Mn+++ + Cz04-- = Mn+ + + COz + COz- (measurable) (2) 
Mn+ ++ + Con- = Mn + + + Con (rapid) (3) 

In  order to account for the participation of oxygen, the following addi- 
tional equations are proposed 

COz- + 0 2  = OzCOz- (rapid, reversible) ( 4 )  
OzCOz- + Mn + + + 2H + = Mn + ++ + COz f Hz02 (measurable) ( 6 )  

The ion, COz-, is an intermediate oxidation product of oxalate ion. 
Since it has an unpaired electron, it should have a tendency to unite with 
the molecule, 02, also having unpaired electrons, to form an electron pair 
bond.3 Thus a peroxide of carbon is formed, as is shown in equation (4). 

The presence of hydrogen peroxide in the final resulting solutions in which 
oxygen had been present was shown by the very strongly yellow color im- 
parted to titanic sulfate solutions. In  the case of one experiment, 2a (Air), 
the resulting hydrogen peroxide was determined to be 0.33 millimole, by 
adding potassium iodide to the final colorless solutions and titrating the 
slowly liberated iodine with thiosulfate, the correction for the iodine liber- 
ated by oxygen being negligible. The amount of oxygen found to have been 
absorbed was 0.353 millimole. Resulting solutions in which no oxygen had 
been present gave no noticeable test for peroxides. 

The appearance of hydrogen peroxide during the permanganate-oxalate 
titration was observed and studied by Schroder and most recently by 
K~l thof f ,~  among others, who ascribed its presence to the following reaction 

0 2  + CzOd-- + 2H+ Hz02 + 2'202 (6) 

It is to be noted that this equation (6) is the sum of equations 2'4 and 5, 
above, and that these latter provide a mechanism for the net reaction (6). 
More exact proof of the stoichiometric correctness of this equation will be 
presented below. 

Furthermore, it was most logical to assume that a carbon peroxide 
oxidizes the manganous ion, since neither gaseous oxygen nor hydrogen per- 
oxide reacts with manganous ion under the conditions of these experiments. 

The Regeneration of Manganic Ion 
One explanation for the longer persistence of color due to tripositive 

manganese, when oxygen is present, is that a peroxide of carbon reacts 
(3) Launer, THIS JOURNAL, 54, 2597 (1932). 
(4) Schroder, 2. (Ifentl Chem., 16,270 a ~ l d  290 (1910); Kolthoff, Z. anal. Chem., 64 ,  183 (1924). 
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with manganous ion to produce manganic ion, presumably according to  
equation (5). If this is the case, an increase in the concentration of man- 
ganous ion should be accompanied by an increase in the rate of formation 
and amount formed of manganic ion, when oxygen is present, if reaction 
(5) is measurably slow. This in turn should result in an increase in the 
rate of formation and amount formed of carbon dioxide. 

This was found experimentally to be the case. The curves 13ab (Air), 
2a5 (Air), 6ab (Air) and 14ab (Air), Fig. 2, represent the rate of formation 
of carbon dioxide in esperimeots in which the amounts of manganous ion 
originally added varied as 1 : 2 : 4 : 8, respectively, as is shown in Table 11. 
From the data inscribed in Fig. 2, it is seen that not only the rates of forma- 
tion, but also the weights and final pressures of carbon dioxide varied as 
the manganous ion added, when oxygen was present. 

When oxygen was absent, however, the evolution of carbon dioxide was 
absolutely independent of the concentration of manganous ion. This 
was determined by repeating experiment 2(Nz) except that four times as 
much manganous ion was added, this experiment thus being called 14(~z)'. 
The rate measurements of 2(Nz) and 14(Nz) were found to be identical 
within 0.5 em. of water, and the weights of carbon dioxide within 0.6 mg. 
Repetition of both experiments gave the same results, thus showing that 
the concentration of manganous ion is without effect when oxygen is 
absent. 

The Factors Governing the Absorption of Oxygen 

(1) The Partial Pressure of Oxygen.-A five-fold increase in the 
pressure of oxygen resulted in only a small increase in the rate of its absorp- 
tion, as is seen from a comparison of the first parts of curves 2b (Air) and 
2b(02), Fig. 1.  his] points to an equilibrium between the OZ molecule 
and the ion COz-, according to equation (4), above, the resulting peroxide 
of carbon being only slightly dissociated. Thus, a five-fold increase in the 
pressure of oxygen would increase but slightly the concentration of the 
peroxide of carbon, but would decrease five-fold the concentration of the 
ion COz-. This in turn would decrease greatly the amount of COz- oxi- 
dized per unit time by Mnf +f in reaction (3). Since reaction (3) prevents 
the process from continuing until the oxygen is exhausted, any decrease 
in the rate of reaction (3) must result in a longer continuation in the 
process, and hence a greater oxygen absorption. This greater oxygen 
absorption is seen from a comparison of the final pressures of 2b (Air) and 
2b (02), shown in Fig. 1. 

(2) The Concentration of Manganic Ion.-There was a considerable 
decrease in the rate of absorption and amount absorbed when the manganic 
ion concentration was decreased. This is seen from a comparison of the 
curves for experiments 2b (Air) and 3b (Air), Fig. 1, the concentration of 
manganic ion being in the ratio of 2 : 1, respectively. 



(3) The Concentration of Manganous Ion.-The rate of absorption 
and the amount absorbed of oxygen was increased by increasing the man- 
ganous-ion concentration. This is seen from a comparison of the rate 
data for experiments 13b (Air), 2b (Air), 6b (Air) and 14b (Air) in Table 
111. The amounts of manganous ion added were in the ratios 1 : 2 : 4 : 8, 
respectively. 

TABLE I11 
THE ERFECT OF MANGANOUS ION 

13b (Air) 2b (Air) 6b (Air) 14b (Air) 
Time, Press., Time, Press., Time, Press., Time, Press., 
mln. cm. H20 rnltl. cm. H20 m ~ n .  cm. HnO min. cm. Ha0 

The more rapidly manganic ions are regenerated, the more rapidly 
the ion COz- will arise as in reaction (2), above, and unite with oxygen. 
This reasoning is borne out by the fact shown above, that the rate of 
absorption and amount absorbed of oxygen was lowered by decreasing the 
manganic-ion concentration. 

(-1) The C~ncentration~of Oxalate Ion.-A comparison between the 
curves for experiments 2b (Air) and 4b (Air) Fig. 1, shows that a decrease 
in the concentration of the oxalate ion resulted in a decrease in the rate of 
absorption and amount absorbed of oxygen. In view of the presence of 
fluoride ion, the prediction of the effect on the manganic ion concentration 
of changing that of the oxalate ion, is uncertain. The effect, however, of 
oxalate ion on the rate of absorption of oxygen is seen to be in agreement 
with the above mechanism. 

Millimoles 
C02 from Millimoles Millimoles Millimoles Ratio, moles 

Henry's law COz by Oa COX in the Nz Cot to  
Expt. constant analys~s absorbed experiments moles On 

13 (Air) 0.99 1.05 0.292 (0.396)" 2.04 
2 (Air) 1.06 1.11 ,353 .396 1.89 
6 (Air) 1.14 1.24 ,379 ( .396) 1.96 

14 (Air) 1.23 1.30 .402 .384 2.10 
2 (0%) 1.55 1.70 .555 ,396 2.07 
4 (Air) 0.75 0 90 .I84 ( ,396) 1.93 
3 (Air) 0.80 0.89 .310 (. 198) 1.94 

" The values in parentheses were simply taken from experiment 2, since it  was not 
thought necessary to  carry out oxygen-free experiments in all cases. 



The Relation between the Amount of Oxygen Absorbed and the Re- 
sulting Amount of Carbon Dioxide Evolved.-Equation (B), above, evi- 
dently requires that the ratio of the number of moles of carbon dioxide 
evolved in reaction 6 to the number of moles of oxygen absorbed be as 2 : 1. 
This is in harmony with experimental facts, as can be seen from the ratios, 
for the various experiments, given in the last column of Table IV. 

For the purpose of obtaining the ratios in the last column, the moles of 
carbon dioxide calculated from the Henry's law constant were used, 

TABLE V 
THE RATE DATA 

The data for the "ab" curves are not listed below, but may be calculated by eombin- 
ing the corresponding "a" and "b" data. The "b" data not appearing below may be 
found in Table 111, above. 

Expt. 2a (Air) 
Time, Press., 
mln. cm. Hz0 

5 8.9 
10 15.3 
15 20.6 
20 25.0 
30 32.7 
40 37.9 
50 41.8 
60 44.3 
70 46.6 
80 48.5 
90 50.1 
m 53.9 

3b (Air) 

5 - 6.5 
10 -11.6 
15 -16.4 
20 -20.4 
30 -27.2 
40 -32.8 
50 -37.8 
60 -42.6 
80 -49.7 

100 -55.5 
m -68.7 

6a (Air) 

5 9.1  
10 15.8 
15 21.5 
20 26.7 
30 34.8 
40 40.2 
50 44.2 
60 48.1 
m 58.3 

Expt. 2 (N2) 
Time, Press., 
nun. em. Hz0 

m 48.3 

3a (Air) 

5 4.4 
10 6.6 
15 8.6 
20 10.6 
30 14.3 
40 17.3 
50 19.8 
60 22.0 
80 25.5 

100 27.8 
m 35.5 

13a (Air) 

5 10.6 
10 17.1 
15 22.5 
20 27.2 
30 34.3 
40 39.2 
50 42.6 
60 45.2 
m 59.5 

Expt. 2a(Oz) 
Time, Press., 
mln. cm. Hz0 

4a (Air) 

5 15.8 
10 25.6 
15 32.8 
20 37.4 
30 43.2 
40 46.6 
50 48.3 
60 49.1 

14a (Air) 

5 30.0 
10 16.6 
15 22.6 
20 27.8 
30 35.8 
40 41.8 
50 46.0 
60 49.4 
m 65.2 

Expt. 2b (Oz) 
Time, Press., 
mm. cm. HoO 

5 - 9.6 
10 -18.1 
15 -25.0 
20 -31.2 
30 -41.5 
40 -50.0 
50 -57.5 
60 -64.6 
70 -71.0 
80 -76.4 

110 -88.9 
-130.8 

4b (Air) 

5 - 3.3 
10 - 7.9 
15 -11.9 
20 -15.7 
30 -21.4 
40 -26.0 
50 -29.9 
60 -32.5 



diminished, of course, by the moles of carbon dioxide evolved in the 
absence of oxygen, in the Nz experiments. This was considered more 
reliable than a calculation based upon the weights of carbon dioxide 
found by analysis, since i t  was found that during the time of sweeping 
out the carbon dioxide a t  the end of the experiments in which oxygen had 
been present, some carbon dioxide was always produced, accompanied by 
absorption of oxygen. This did not occur in the experiments in which 
oxygen had been absent, although they too were swept out with air. This 
seems to indicate that the ion COz- or the peroxide of carbon was still 
present a t  the "end" of the reaction. The number of moles of oxygen 
absorbed was calculated from the final pressures in the corresponding "b" 
experiments, the volume of the gas space, the solubility of oxygen in water, 
and the temperature, using the relation pv = NRT. 

Summary , 
It was found that when the reaction between manganic ions and oxalate 

ions took place under certain conditions, the color, due to tripositive man- 
ganese, persisted much longer when oxygen was present than when the 
latter was absent. This was shown to be due, most probably, to a re- 
generation of the rnanganic ion in a reaction between manganous ions and a 
peroxide of carbon. 

It was further found that large quantities of oxygen were absorbed 
during the manganic-oxalate reaction, under certain conditions, and the 
rate of this absorption was studied in detail. As a consequence of this 
absorption of oxygen, proportional quantities of carbon dioxide, in addition 
to  the carbon dioxide expected from the manganic-oxalate reaction, were 
evolved, the ratios being 2 moles of COz/l mole of Oz. 

It was, therefore, suggested that the mechanism of the participation of 
oxygen be described by the chemical equations 

0 2  + COz- = OeCOz- 
O2COz- + M n f +  + 2H+ = &In++' + COz + HzOz 

Hydrogen peroxide was always found in the resulting solutions in which 
oxygen had been present, but never in those in which the latter had been 
absent. 

Los ANGELES, CALIFORNIA 



Ternary Systems: Water, Tertiary Butanol and Salts at 2S0 

liesults of an investigation of this group of systems were published in a 
paper1 but it was not until later2 that the idea occurred to investigate the 
mathematical aspects of these systems. In the latter paper the concentra- 
tion of the isopropanol as a function of the concentration of the salt was 
icvestigated and i t  seemed desirable to s~~pplement the work on tertiary 
butanol by an analogous investigation. This has been done with thirty 
diversified salts in their thirty ternary systems. The purpose of the un- 
usual number of systems was to render improbable any coincidental rela- 
tionships which might occur if only a few systems were investigated. 
Tertiary butanol is especially suitable here on account of the ease with 
which it is salted out from its homogeneous aqueous solutions by a large 
number of salts. 

In the preliminary work, a temperature of 30° was used, the idea bein2 
that the higher temperature would be above the critical temperatures for 
some systems. However, the necessity for increased accuracy in the 
experimental data made it imperative that the room temperature be main- 
tained constant also. Everything considered, 25' seemed to be the 
optimum temperature and was used in preference to the 30'. The thirty 
systems investigated here a t  2 5 O  include the ten systems previously re- 
ported upon a t  30'. 

The primary purpose was to ascertain what mathematical relationships, 
if any, could be found between the components of the systems. The 
concentration of the tertiary butanol as a function of the concentration of 
the salt seemed of greatest interest and received most attention. Experi- 
mental points of the binodal curves were first determined and the weight 
per cent. of tertiary butanol plotted as a function of the weight per cent. 
of the salt. Then the empirical mathematical equations were derived 
which seemed to approximate the experimental data the best. Because of 
a few coincidences a t  first, the tentative assumption was made that the two 
mathematical equations would always intersect in the plait point, but 
later results on other systems showed conclusively that this was not neces- 
sarily true in all systems. Consequently, the binodal curves were divided 
into two sections, the alcohol-rich section and the salt-rich section. Ex- 
amination of the empirical equations which fit the alcohol-rich sections 
revealed that all thirty systems followed the exponential equation, y = 

u 4- b(10)-" (y is weight per cent. of tertiary butanol and x the weight per 
cent. salt; a, b and c are arbitrary constants). From this can be derived 
the differential equation -d(y - a)/& = ky. In one-half of the systems, 

(1) Ginnings and Robbins, Tms Jonn~at,  62, 2282-2286 (1930). 
(2) Ginnings and Chen, ibid , 83, 3765-3769 (1931). 



constant "a" approaches zero with the resulting simplification of the two 
equations. Of lesser importance but of some interest are the constants in 
the equations for the potassium halides. Constant "b" is a direct function 

Salt, %. 
Deviation charts of experimental values of weight % of tertiary butyl alcohol 

from values calculated using the empirical equations. 

and "c" an inverse function of the molecular weight of the halide. The 
case of the salt-rich sections of the binodal curves is not so distinct. Eight- 
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een systems followed the above-mentioned exponential law and the other 
twelve seemed to he power functions of the type form y = a + bx-'. No 
important relationship in this section was obvious although the exponential 
equation wTas evidently the one favored. Apparently, the salt component 
predominates here to such an extent that each system is primarily a func- 
tion of the specific salt used. 

Experimental 
The experimental method was essentially identical with that used before3 

with minor improvements tending toward greater precision. The syn- 
thetical method was used to determine the plait point and seemed t o  be 
distinctly superior to the analytical method. In some cases interpolation 
between two binodal points to find the plait point was more convenient. 
This was done on the curve obtained by plotting the volume per cent. of one 

TABLE I 
(A) y = a + b  (lo) -u ( B )  y = a + b x - ~  

y = wt. O/, of led-butanol; x = wt. OJo of salt; a, b, c are numerical constants 
Dev. Alcohol-rich section Limit Salt-rich section 

curve no. Salt Eq. a b G for x Eq. a b c 

1 NH4C1 A 0 117.4 0.0748 9.7 B 0 325 1.189 
2 KF A 0 71.7 .I330 5.0 A -  0 30.3 0.0583 
3 (N&)zHP04 A 5.9 59.25 ,0835 16.1 A - 0 . 6 7  33.1 .0328 

25 NHaNOn A 0 121.6 ,0266 21.6 B - 1 . 6 5  17458 2.016 
29 KI A -44.9 158.3 ,00969 38.4 A -13.0 277.0 0.0233 
19 KC1 A 14.2 74.4 ,0992 5 .4  B 0 331 1.326 

4 CdSO4 A 30.64 33.1 .2867 4.5 B -34.0 112.2 0.3320 
20 KaFe(CN)s A 33.9 38.8 .2185 4.3 B - 3.5 125.8 ,7635 
12 KBr A 0 99.5 ,0391 11.5 B 0 2690 1 .?50 
30 KSCN A -44.5 164.7 .0109 37.9 A 0.63 4840 0.0624 
10 Na acetate A 0 89.1 ,0787 4.7 B 0 269 1.215 
14 NaAl(S0a)z A 21.2 36.55 ,1503 5 .4  A 0 46.4 0.0440 
11 NazS01 A 0 60.7 ,0987 5.6 A -22 51.2 .0209 
5 Na2SzOz A 4.57 62.2 ,0955 18.4 A 0 50.0 .0513 
8 ZnSOa A 21.55 36.35 ,1610 6.0 A 0 45.9 .0441 

17 NaBr A 0 101.8 ,0403 11.0 B - 1.47 2175 1.682 
9 NaKCOa A 0 68.1 ,1284 4.0 A 0 37.1 0.0621 

26 (NH4)zSOa A 2.95 63.05 ,0909 8 .3  A 0 30.46 .0405 
18 BaClz A 0 95.5 ,0617 11.6 A O 47.6 .0358 
24 NaCl A 0 88.5 ,1030 6 . 6  B 0 214.6 1.298 
16 NaHSOa A 0 61.1 ,0518 8 . 0  B - 3.9 240.3 1.020 
23 NaN03 A 0 93.5 ,0399 11.6 B - 2.63 1523 1.640 
22 LiNOa A -75 218.5 ,0218 16.0 A 3.88 1505 0.1186 
13 KNatartrate A 3.70 59.8 ,0849 11.0 A - 0 . 4 5 5  30.2 .0326 
6 SrBrz A 30.75323.3 ,1030 20.7 B - 1 . 0 9 5  1.986(10)62.845 
7 SrClz A 0 87.2 ,0669 10.7 A 0 45.5 0.0398 

27 KnCOa A 0 63.1 ,1014 6 . 9  A -0.87 26.90 ,0441 
21 MgSO4 A 5.50 45.75 ,0988 8.0 A 0 34.65 .0530 
25 NaCOs A 5.48 57.42 ,1759 4.1 A 0 32.04 .0700 
15 Natartrate A 0 58.6 .0710 7 .8  A 0.805 33.87 ,0432 

The empirical equation for the alcohol-rich section of the binodal curve of any 
specific system is valid for the interval between the smallest value of "x" in Dev. Ch. 
to the value in the column headed "limit for x" in Table I. Similarly, the empirical 
equation for the salt-rich section covers the interval between value for "x" in the 
column "limit for x" to the largest value in the deviation chart. 

(3) Ref. 2, p. 3767. 
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liquid phase as a function of the weight per cent. of salt. Interpolation to 
the 50% intersection gave the desired plait point. The highest weight per 
cent. salt in a system in a Chart is approximately conjugate with the 
highest weight per cent. of tertiary butanol; and the lowest weight per 
cent. salt is conjugate with the lowest weight per cent. of tertiary butanol. 
Eastman's best grade of tertiary butanol, diO 0.7872, and c.  P. chemicals 
were used throughout. Whenever hydrates of salts were used, the calcu- 
lations were corrected to the basis of anhydrous salts. The authors feel 
that the error in binodal data does not exceed l.Oyo in any case and is 
usually less than 0.5y0. 

Salt 

NH4Cl 
(NHI),HPO~ 
KI 
CdS04 
KBr 
Na acetate 
Na~S04 
ZnSO4 
NaKCOs 
BaClZ 
NaHS04 
LiNOs 
SrBrz 
K~COI 
NazC03 

TABLE I1 

PLAIT POINTS 

wSil$ Salt 

- 6.6 KF 
3.8 NH4N03 

38.4 KC1 
8.1 KaFe (CN) 8 

11.5 KSCN 
4.7 NaAl(S04)~ 
2.8 Na~Sz08 
6.0 NaBr 
2.6 (NH4)2S04 
7.2 NaCl 
6.1 NaN08 

16.0 KNa tartrate 
20.4 SrClz 
2.3 MgSOI 
2.1 Na tartrate 

wt. % 
salt 

Summary 

Data are given for the ternary systems of water and tertiary butanol 
with thirty salts a t  25'. In the case of the alcohol-rich section of the 
binodal curves for the thirty systems, the rate of decrease of the weight per 
cent. of the tertiary butanol with respect to the weight per cent. of salt in a 
liquid phase seems to be a direct function of the weight per cent. of tertiary 
butanol. The constants in the equations for the four potassium halides are 
compared. Values for the numerical constants in the empirical equations 
and deviation charts are given for all of the systems. 

GREENSBORO, NORTH CAROLINA RECEIVED JUNE 27, 1932 
PUBLISHED MARCH 7, 1933 
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Solubility Relations of Barium Sulfate in Aqueous Solutions of 
Strong Electrolytes 

In two preceding articles2,% method for the determination of the solu- 
bility of slightly soluble inorganic salts in aqueous solutions of strong 
electrolytes was described and applied to a uni-univalent salt, silver 
chloride. In the second paper the data were discussed from the viewpoint 
of the recent developments in the interionic attraction theory of solutions of 
Debye and Hiicke14 as presented by Gronwall, La Mer and Sandved6 and 
by La Mer, Gronwall and Greiff.6 

In the present paper the same experimental method and treatment of the 
data have been applied to a di-divalent type salt, barium sulfate, in  an 
attempt further to test the extension of the theory. 

Experimental 
The technique, applicability and limitations of the experimental method 

have already been described and discussed in detail. Materials used in the 
preparation of solutions were all carefully purified and tested. Water was 
twice distilled. The second time it was done through a block tin condenser. 
The maximum conductivity of several samples was 1.2 X lop6 mho. 
Water and solutions were prepared in small quantities so as to minimize the 
effects of solubility of glass. The effect of carbonic acid in the water in 
equilibrium with carbon dioxide in the air will be described later. Experi- 
ments were made showing that the same results obtained whether equi- 
librium was attained from the solid or from the liquid phase. 

Data and Discussion 
The solubility of barium sulfate was measured at 2 5 O  in the presence of 

the chlorides and the nitrates of potassium, magnesium and lanthanum up 
to an ionic strength of about 0.04. 

The value of the solubility, SO, in otherwise pure water was determined 
statistically from the data on each solvent salt by applying the method of 
moments and the relation 

S = So + A p l / *  (1) 

to the five lowest points where a straight line relationship may be considered 
sufficient. Here S is the observed solubility at  a given molality of the sol- 
vent salt which is expressed in terms of the ionic strength p, and A is a con- 

(1) National Research Fellow in Chemistry. 
(2) Popoff and Neuman, J. Phys. Chem., 34, 1853 (1930). 
(3) Neuman, THIS JOURNAL, 64, 2195 (1932). 
(4) Debye and Hfickel, Physik. Z., 24, 185 (1923). 
(5) Gronwall, La Mer and Sandved, ibid., 29, 358 (1928). 
(6) La Mer, Gronwall and Greiff, J. Phys. Chem., 35, 2245 (1931;. 



stknt. An extrapolation for SO is necessary because the experimental 
method does not permit a direct measurement. The value of log fo, where fo 
is the activity coefficient corresponding to So, was evaluated similarly, 
with the use of the formula 

log (S/So) = log f, + b,ul/: (2) 

where b is a constant, and p is the ionic strength. Here p contains, in addi- 
tion, the concentration of the solute salt. 

The ionic strength of all of the solutions contains a correction which ac- 
counts for ionized carbonic acid in the water in equilibrium with the carbon 
dioxide of the air. This correction amounts to 0.615 X p, and i t  is 
an average value calculated from the work of Kendall for equilibrium 
water.' This correction becomes negligible above 0.01 p, but it amounts 
to about 6% of the ionic strength a t  0.0001 p. When the correction is not 
made, S3 becomes 0.3%, and f~ about 0.20jo greater. These differences, 
however, are less than the experimental error which is due to measuring of 
solutions and to error in the tyndallometric readings involved in fixing 
the end-points. Moreover, it should be noted also that the theoretical 
results, and all comparisons with theory, depend only on the precision of 
relative values produced by salt additions so that a slight error in absolute 
value does not obviate comparison with the theory. 

The results of the statistical treatment of the lowest points are given 
in Table I. The mean deviation in SO is 0.01 X or about 1%; that 
info, about 0.002 or 0.2y0. The values f in the third column represent the 
slope from the data on each solvent salt, and if the limiting law were obeyed 
in each case they should equal 2.026, the value a in the Debye-Hiickel 
formula for a (2, -2) valence type solute salt. The deviations from the 
limiting law as expressed by the ratio b / a  increase with greater complexity 
of the solvent salt in the order (3, - 1) > (2, - 1) > (1, - 1) ; that is, for a 
given ionic strength and anion, the solution effect of the various cations 
is in the order La+++ > Mg++ > Kf. These ratios indicate also that for a 
given cation, nitrates increase the solubility more than do chlorides. This 

TABLE I 
EMPIRICAL PARAMETERS FROM  TATI IS TICAL TREATMENT OF DATA 

Salt S o  X 10s - log lo b b la  
KC1 0.970 0.00891 2.592 1.28 
KNOa .971 .00960 2.624 1.30 
MgCle ,955 .01053 3.064 1.51 
Mg(NOa)z .961 .01061 3.095 1.53 
Lacla .947 .01085 3.592 1.77 
La(NOs)s .938 .01096 3.706 1.83 
Mean C1- .957 .01011 . . . . . 
Mean NO*- .957 .01040 . . . 
Average .957 .01026 . . 
Not corr. for HzCOa ,960 .00938 

- 
. . 

(7) Kendall, THIS JOURNAL, 38, 1480 (1916). 
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effect, however, is very slight; and were it not for the consistency with 
which i t  appears in all of the cases noted it might be attributed to experi- 
mental error. Values of So, fo and -log fo, calculated without the correc- 
tion for carbonic acid, appear a t  the bottom of the table. 

The experimental data appear in Table 11. The average values, 
So = 0.957 X 10-sm./l. and log fo - - 0,01026, were used throughout for 
the calculation of log f by means of the relation 

- log f = log (S /So fa )  (31 

TABLE 11 
SOLUBILITY RELATIONS OF BARIUM SULFATE 

S X 106 M~oivent  salt PI/" - log f(obs.) -A -a l l ]  a [fil 
Solutions of Potassium Chloride 

1.002 0.00002004 0.00814 0.0303 0.0138 162 
1.067 .0002631 .01762 .0575 .0218 65 5 
1.123 ,0006477 .02643 .0798 .0262 37.8 2 30 
1.193 .001361 ,03763 .I070 0308 23.3 2 60 

1.274 .002526 .05082 .I345 0316 14.1 2 90 
1.354 003875 06273 .I620 ,0348 10.4 2 98 
1.445 .005631 .07546 .I892 0363 7 73 3 13 
1.532 ,00761 1 .08763 .2150 ,0374 6 04 3 05 

1.615 .009974 .lo022 .2375 ,0345 4.41 3 34 
1.715 ,01263 .1167 .2636 ,0372 1.95 3.50 
1.797 .01543 .I249 ,2839 0308 2.48 3 35 
1.885 .01885 .I375 .3047 ,0261 1.90 3 38 

1.975 ,02141 .I466 .3249 ,0279 1.78 3.39 
2.090 .0263 1 .I624 .3495 0204 1.09 3 36 
2 195 .03053 .I750 .3708 .0162 0.759 3 35 
2.320 ,03501 .I874 .3949 .0151 0.621 3 28 

Solutions of Potassium Nitrate 
1.007 0.00002014 0.00816 0.0324 0.0159 183 
1.085 .0003566 .02015 .0648 .0240 55.9 
1.143 .0008528 .03008 .0874 ,0242 28.0 2.59 
1 213 .001554 .04011 .I132 ,0299 20.0 2.67 

1.277 .002456 .05013 .I356 ,0340 15 2 2.86 
1.412 .004848 .07008 .I792 0371 8 99 3 05 
1.565 .008031 .09000 .2239 ,0415 6.27 3 08 
1.695 .01203 .I1002 ,2585 ,0356 3.81 3 10 

1.855 .01684 .I300 .2977 .0342 2.68 3.26 
2.010 .02252 .I503 .3326 .0279 1.70 3.27 
2.185 .02884 .I699 3688 ,0245 1.19 3.25 
2.355 03602 .I899 ,4014 ,0166 0.662 3.26 

Solutions of Magnesium Chloride 
n[rl 

1.002 0.00001002 0.00874 0.0302 0.0125 144 
1.085 .0001198 .02027 ,0648 .0238 55.3 
1.167 ,0002856 .03016 0964 ,0353 36 9 
1.240 .0005173 .04009 .I228 ,0416 25.7 0 43 
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TABLE I1 (Conclded)  
fix/* -log f(obs.1 - A  

0.04984 0.1463 0.0453 
,05997 .I718 .0502 
.08003 .2189 .0567 
.09876 .2611 .0610 
.I200 ,2957 .0522 
.I390 ,3337 .0520 
.I601 .3688 ,0444 
.I790 .4001 ,0373 

Solutions of Magnesium Nitrate 
0.00875 0.0324 0.0147 

.02027 .0700 ,0289 
,03016 .0983 ,0371 
.04011 .I273 .0460 
,05004 .I506 0492 
.06994 1979 0561 
,09016 2424 .0597 
.I100 ,2808 ,0579 
.I299 ,3161 ,0528 
,1499 ,3537 ,0499 
.I700 ,3883 ,0438 
.I897 .4200 ,0351 

Solutions of Lanthanum Chloride 
0.00000668 0.00930 0.0324 0.0136 

.00005571 .01962 ,0759 .0361 

.0001550 .03137 .I064 .0428 
,0002543 ,03851 .I383 ,0602 
.0004026 ,04977 .I677 ,0668 
.0005849 .05979 .I961 .0749 
.001070 .08059 .2585 ,0952 
.001667 .lo041 ,2923 .0888 
.002400 .I204 .3334 .0896 
.003353 .I421 ,3734 .0855 
.004296 .I609 .4085 .0825 

Solutions of Lanthanum Nitrate 

0.00000667 0.00930 0.0307 0.0120 
.00005923 .02017 .0755 .0346 
.0001447 .03037 .lo20 .0404 
.0002599 .04022 .I398 .0583 
.0004102 .05022 .I733 .0716 
.0005924 .06016 .2011 .0792 
.0008107 .07023 .2261 .0838 
.001071 .08061 .2525 ,0892 
.001652 .09996 .2954 .0928 
,002374 .I197 .3384 .0958 
.003315 .I414 .3763 .0871 
,004276 .I605 ,4105 .08*53 
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The values A represent deviations from the Debye-Hiickel limiting law 
obtained from 

A = 2.0262 pi/$ - log f 
= log j[ll - logf(ob.) (4) 

The maximum deviations from the limiting law, in the range studied, 
occur a t  about 0.0077 p for the potassium salts, 0.0090 JL for the magnesium 
salts and 0.011 ,U for the lan- 
thanum salts. 

The apparent ionic diam- 
eters, a[,], are the param- 0.40 
eters necessary to make log 
fLIl  of the Debye-Huckel first 
approximation formula coin- 0.35 
cide with log f They are 
evaluated from the relation 0.30 

nil] = - 4/0.3287 p1/2 log f ( o ~ ,  ) 

(5) 

which is derived from the first 0.25 

approximation formula. The 7 
apparent ionic diameters, agi, 7 020 
are similarly derived from the 
third approximation formula 
of La Mer, Gronwall and 0.15 
Greiff6 for unsymmetrical val- 
ence type electrolytes; and 
the a[,] values are derived 0.10 

from the formula of Gronwall, 
La Mer and Sandved5 for 0.05 
symmetrical valence type 
electrolytes. All of the a 
values are given in Angstrom 0.05 0.10 0.15 0.20 
units in the tables.  PI'^. 

From a consideration of the Fig. 1.-The logarithm of the observed activity 
deviations A, and the a Val- coefficient as a function of the square root of the 
ues, it is apparent that neither ionic strength: circles, chlorides; crosses, nitrates. 

1, Debye-Hiickel limiting law; 2, potassium salts; 
the limiting law nor the Ft 3, magnesium salts; 4, lanthanum salts. The small 
approximation Is ln figures are the portions of the curves between the 0 
accord with the data. The and 0.05 abscissas and the 0 and 0.1 ordinates. 
a[,] values are both inconstant 
and negative, thereby contradicting the theory. There is a more exact 
agreement with the extended formulas of La Mer and of Gronwall, as is 
indicated by the a[,] and the a[,] values, which are more nearly constant 
and positive; and they are of reasonable magnitude. The agreement in the 



case of the fifth approximation for symmetrical valence types is especially 
striking, chiefly at the greater ionic strengths. 

The and a[,] values which were omitted from the tables were only 
approximated. They were positive, but they became very small for the 
very low ionic strength. I t  is here that the theoretical curves for log f be- 
gin to converge into the limiting law, which is not the case with the data. 
Consequently, also, small errors in log f(oba), in this region, are greatly 
magnified in the resulting a values, whether they are derived from the first 
approximation formula or from the extended forms, and the a values, there- 
fore, lose much of their value as a means of comparison of experiment and 
theory. Furthermore, their calculation is greatly complicated by increas- 
ing difficulty in accurate interpolation on curves of functions required in 
their computation. Because of these considerations they were omitted 
entirely from the tables. 

In Fig. 1 the values of -log f(ob,, are plotted against the square root 
of the ionic strength. The lower portions of the curves, between 0 and 
0.05 pl'', are plotted separately to avoid confusion of points which belong 
to the various solvent salts. The broken line represents the slope of the 
limiting law. The heavy lines are drawn only through the chloride points 
which are represented by circles. The nitrate points are designated by 
crosses. 

Summary 

The solubility of barium sulfate was determined in water at 25' in the 
presence of the chlorides, and the nitrates of potassium, magnesium and 
lanthanum over a concentration range, 0 to 0.04 ionic strength. 

The solubility, and the activity coefficient of the salt in pure water, were 
evaluated statistically and found to be 0.957 X 10" m./l., and 0.977, re- 
spectively. 

The activity coeEcients, and the apparent ionic diameters, were cal- 
culated, and were used as a means of comparison of the data with recent 
developments in the interionic attraction theory of solutions. 

PASADENA, CALIFORNIA RECEIVED JULY 6, 1932 
PUBLISHED MARCH 7,1933 
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The Thermochemical Constants of the Hexafluorides of 
Sulfur, Selenium and Tellurium 

Introduction 

The hexafluorides of the elements of the sulfur group are of interest 
because of the uniformity of their physical properties, their comparative 
unreactivity, and the fact that in these compounds sulfur, selenium and 
tellurium exhibit their maximum valence of six. All three substances are 
gases at  ordinary temperatures, they sublime before melting, and, with the 
exception of tellurium hexafluoride, they do not hydrolyze in the presence 
of water. 

Aside from the earlier work of Moissanl and of PrideauxJ2 no further 
investigations of the hexafluorides of selenium and tellurium appear to 
have been carried out, and in their investigations no careful attempt was 
made to purify the substances prepared. Schumb and Gamble3 have car- 
ried out a careful study of the preparation and physical properties of sulfur 
hexafluoride and their results are presented below for purposes of compari- 
son. No determinations of the heats of formation of any of these three 
compounds seem to have been made. 

In addition to the hexafluorides small quantities of liquid lower fluorides 
are formed when fluorine reacts with the elements of the sulfur group and, 
with the exception of sulfur tetrafluorideJ4 these substances have not pre- 
viously been observed. 

In this article are presented the results of experiments on the prepara- 
tion and physical and chemical properties of selenium and tellurium hexa- 
fluorides and the values obtained for the heats of formation of sulfur, 
selenium and tellurium hexafluorides. Results of experiments on a lower 
fluoride of tellurium are also included. 

Preparation and Purification of the Hexafluorides.-The hexa- 
fluorides were prepared by passing fluorine gas from a generator over the 
elementary substances contained in a copper tube. The reaction in all 
cases took place without any major disturbances such as explosions or 
extensive attack on the copper container. The fluorine was generated at 
the rate of about one and one-half liters per hour, the generator being of 
the conventional type using fused potassium acid fluoride as the electro- 
lyte. The current efficiency was about 30%. The substances prepared 
were collected in Pyrex glass traps cooled with a carbon dioxide-alcohol 

(1) Moissan, Ann. chim. phys., [7] 27, 145 (1902). 
(2) Prideaux, J. Chem. Soc., 89, 323 (1905). 
(3) Schumb and Gamble, THIS JOURNAL, 62,4302 (1930). 
(4) Fischer and Jaenckner, 2. angcw. Chsm., 48, 810 (1929). 



mixture. Hydrogen fluoride was effectively removed by causing the gas 
from the generator to pass through a copper tube containing anhydrous 
sodium fluoride. 

The resulting material was purified by means of a series of fractional 
sublimations carried out in highly evacuated containers, liquid air being 
used to remove the more volatile products, and alcohol cooled with carbon 
dioxide served to fractionate what remained. The substances were caused 
to melt between the sublimation operations. Very little highly volatile 
product was obtained and only in the case of tellurium were appreciable 
quantities of a much less volatile substance found. The test for purity 
was the constancy of the freezing point and the vapor density of the sub- 
stance being purified. 

Experimental Methods 
The vapor densities were determined by means of a liter flask equipped with an all- 

glass click-gage for measuring the pressure, and a standardized thermometer graduated 
in tenths of a degree served for the temperature measurements. 

The apparatus used for the vapor pressure measurements consisted of an all-glass 
click-gage to which a glass container was attached by means of small-bore tubing. 
The container was surrounded by a well stirred alcohol-bath cooled with carbon dioxide 
or liquid air, and the click-gage was outside of this bath with its temperature that of the 
room. The bath temperature was measured with a thermocouple calibrated a t  the solid 
carbon dioxide and melting mercury points. No pressure measurements were made until 
variations of the temperature by *O.1° caused a corresponding change in the pressure. 

All melting points were determined separately and are believed to be correct to 
within *O.lO. 

The calorimeter for determining the heats of formation of the three hexafluorides 
consisted of a two-liter Dewar flask surrounded by a thick layer of insulating material 
and equipped with a tight insulating cover. I t  was provided with an electrically op- 
erated stirrer, an electric heating coil for determining its heat capacity and a Beckrnann 
thermometer, and contained from 1.2 to 1.4 liters of distilled water. A hollow cylindri- 
cal copper tube 2.5 cm. in diameter and length and provided with a threaded copper 
plug was employed as a reaction cell. A rubber gasket rendered the threaded joint 
water and gas tight and the threads, after screwing the plug firmly into the cell, prevented 
any appreciable diffusion of the fluorine to the gasket. Two small copper tubes at- 
tached to the cell and passing through the cover of the calorimeter were used for intro- 
ducing the fluorine and removing the hexafluoride formed, the exhaust tube being coiled 
near the reaction cell to facilitate complete heat transfer. 

A deep platinum dish placed in the reaction cell was used to hold the solid reactants, 
and i t  was found that neither the fluorine nor the sulfur group elements had any appre- 
ciable effect on the platinum. A copper dish was used in some preliminary experiments 
but i t  was found to be attacked by sulfur during the course of the reaction with fluorine. 
The only losses of solid material were the result of vaporization to the copper walls of 
the cell and were estimated qualitatively as a few tenths of a milligram. The weights of 
material used in the runs varied from 0.2000 g. to 0.4000 g. and the temperature rise 
varied from about 0.750 to 1.100". A satisfactory run occupied about fifteen minutes 
and the same length of time was employed in determining the heat capacity of the calo- 
rimeter. Blank runs made with no reactant in the cell showed that no appreciable 
amount of reaction took place between the fluorine and the copper. 

The errors involved in the vapor pressure measurements vary from *0.2 mm. a t  



the lowest pressures to  *2.0 mm. a t  the highest. The individual values for the heats 
of reaction showed deviations from the mean of 1.5% in the case of sulfur, 0.7y0 for 
selenium and 0.3% for tellurium. It is believed that the final results given are reliable 
to within 2%. More refined measurements will certainly necessitate the use of a n  all- 
platinum reaction cell to  reduce to  a minimum the errors due t o  the small losses by 
evaporation to  the walls of the cell. The eventual loss in heat liberated appears to  be 
due to  the unreactivity of the fluorine toward the copper sulfide formed. 

Results of the Experiments 
In Tables I and I1 are presented the results of the vapor pressure and 

vapor density  measurement^.^ The vapor pressure equations constructed 
from the experimental data are given in Table 111. Table IV contains the 
thennochemical constants for the three hexafluorides as determined directly 
or calculated from the vapor pressure measurements. The values given 

THE VAPOR PRESSURES OF SOLID SeF6 
Temp., O C .  Pressure, mm. 

-48.7 651.2 
53.8 469.3 
59.4 318.4 
64.8 213.1 
69.3 147.9 
77.9 72.1 
84.4 43.3 
87.5 30.4 
Molecular wt., exptl., 191.3 
Formula wt., calcd., 193.0 

THE VAPOR PRESSURES OF SOLID TeF6 
Temp., OC. Pressure, mm. 

-40.1 695.1 
45.6 501.6 
50.0 361.3 
56.7 246.6 
C0.3 182.5 
65.3 122.2 
68.4 94.1 
74 7 53.4 
75 4 48.4 
78 8 29.4 

Molecular wt., exptl., 240.9 
Formula wt., calcd., 241.5 

VAPOR PRESSURE EQUATIONS OF SOLID SULFUR, SELENIUM AND TELLURIUM HEXA- 
FLUORIDES 

Heat of Heat of Heat of 
formation sublimation fusion 

of gas, of solid, of solid, Sublimation 
Subs. cal. cal. cal. M. p., O C .  point, O C .  

(5) The recently published values for the vapor pressures of selenium and tellurium hexafluoride by 
Klemm and Henkel [Z. onorg. angem. Chem.. 207, 73 (1932) ] are, a t  the lower temperatures, higher than 
those presented here. The difference appears to result from the fouling of the mercury in their mano- 
meter, and they call attention to  this di5culty. This source of error has been avoided in our measure- 
ments by the use of the all-glass click-gage. 
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for sulfur hexafluoride, with the exception of its heat of formation, were 
obtained using the data of Sch~lmb and Gamble.3 

The values for the heats of fusion of selenium and tellurium hexa- 
fluorides, given in parentheses, were calculated from the heats of vaporiza- 
tion of the liquids which were obtained by an application of Trouton's 
rule to estimates of the boiling points using the known values for sulfur 
hexafluoride to determine the necessary constant. Since the melting point 
of tellurium hexafluoride is only 1.1' above the sublimation point, the value 
for the heat of fusion cannot be in error by much more than 10 cal. The 
corresponding value for selenium hexafluoride may be in error by 50 cal. 

All three hexafluorides have a vapor pressure of one atmosphere before 
the melting point is reached. The solid selenium hexafluoride, when con- 
densed a t  the temperature of solid carbon dioxide-alcohol mixtures, forms a 
clear ice-like solid while the corresponding tellurium compound forms a 
white mass of small crystals. 

A second modification of the tellurium compound appears to form at  
-73.5' since at this point a discontinuity in the log p l / T  curve is ob- 
served. 

The values obtained for the melting points differ appreciably from 
those obtained by Prideaux. The same lack of agreement was found by 
Schumb and Gamble in the case of the sulfur compound and is discussed 
more fully in their paper. Both lack of purity and the thermometer used 
are the obvious reasons for the differences. 

Discussion of the Results 

As may be seen by comparing the sublimation and melting points, the 
three hexafluorides are very similar in their physical properties. That the 
thermal constants do not vary uniformly as one proceeds from sulfur to 
tellurium, may be seen from the melting points, that of selenium hexa- 
fluoride being higher than either of those for sulfur or tellurium. Also 
the heats of formation show this reversal markedly, the values being in an 
order different from the melting points. The heats of fusion are in the 
same order as the melting points. 

These reversals of order from the positions in the periodic table are 
to be found in the heats of formation of the dioxides as well, the order being 
the same as the heats of formation of the hexafluorides. 

Experiments on the Reactivity of Selenium and Tellurium Nexafluorides 

It is known from the experiments of Prideaux2 that sulfur and selenium 
hexafluorides do not react with water while the tellurium compound does 
so slowly. Further experiments of a qualitative nature were carried out 
to  determine if this relative inertness could be observed in other reactions. 

A bulb containing selenium hexafluoride and elementary selenium was 
heated and observed for evidence of any reaction. No effect was noted 



until the glass was so hot that it began to melt, and a t  that point white 
fumes were noted. It was not possible to determine whether the reaction 
involved the selenium or only the glass. 

The corresponding experiment in which tell~irium hexafluoride and 
tellurium were used showed signs of reaction a t  much lower temperatures, 
dense white fumes developing when the temperature was, locally, not much 
above 200'. A white solid, presumably tellurium difluoride, separated in 
considerable amounts. 

Two tubes were filied with mixtures of selenium hexafluoride and am- 
monia gas, the two gases having approximately the same partial pressures. 
One tube was placed in an electric furnace and the temperature gradually 
raised; a t  200° traces of elementary selenium were observed; at higher 
temperatures the reaction proceeds somewhat more rapidly. The second 
tube was placed in the furnace a t  330' and selenium was observed to form 
in increasing amounts over a period of five minutes. On breaking under 
water and testing the resulting solution for fluoride, an appreciable pre- 
cipitate of calcium fluoride was obtained, though not as large as would be 
expected if no loss of detectable fluoride had occurred. The loss was due, 
doubtless, to the reaction of the hydrogen fluoride formed with the glass. 

If Ruff's6 value of 64,000 cal. for the heat of formation of hydrogen 
fluoride is used in connection with the value 11,000 cal. for ammonia and the 
value given in Table I V  for selenium hexafluoride, then the reaction 

2NH3(g) + SeFz(g) = Nz + Se + 6HF + 116,000 cal. 

is found to take place with a large evolution of heat. The fact that the re- 
action does take place shows that the entropy change is not sufficiently 
great to make the free energy and change in heat content of opposite signs. 
The entropy change is doubtless such that the reaction has a very great 
tendency to take place over a rather large temperature range. The 
entropy of selenium hexafluoride would have to be about 700 cal./deg. 
to make A F O  = 0 and such a value is quite certain to be several times 
greater than the true one. Similar considerations indicate that sulfur and 
tellurium hexafluorides would also be reduced by ammonia or hydrogen 
and that sulfur hexafluoride is not to be expected as the result of a reaction 
between solutions of sulfuric and hydrofluoric acids. It is seen therefore 
that the inertness of the hexafluorides toward reducing agents cannot 
always be ascribed to a lack of thermodynamic tendency to reacL7 

(6) Ruff, 2. anorg. allgcm Chcm.. 198, 375 (1931). 
(7) The results of recent electron diffraction experiments by Pauling and Brockway (private com- 

munication) show that the fluorine atoms in the hexafluorides lie at the corners of a regular tetrahedron. 
For sulfur hexafluoride they find the S-F distance to be 1.58 A. From this result the entropy of sulfur 
hexafluoride at 25" and 1 atm. was calculated to be 62 cal./deg. It was assumed, as seems reasonable, 
that the vibrational entropy is small. Using this value together with the entropy of solid sulfur, 7 6 
cal. Jdeg. and fluorine 48.04 cal. fdeg., and the heat of formation given above, we find for 

S(s) + 3Fz(g) = SF&) AF& = -235,000 cal. 
It is now easy to show that sulfur hexafluoride should be completely hydrolyzed by water vapor a t  25' 
to give sulfur trioxide and hydrogen fluoride. 
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The Lower Volatile Fluorides of Selenium and Tellurium.-During 
the preparation of selenium hexafluoride a colorless liquid was observed to 
condense out in the train before reaching the cold traps. It was collected 
in a tube and the tube sealed off and set aside. On the following day the 
tube was found to be shattered and the fragments covered with small 
amounts of selenium. The liquid was evidently some lower fluoride which 
decomposed to form the more volatile hexafiuoride and selenium or a still 
lower fluoride. 

In the case of tellurium the purification by fractionating yielded about 
1.3 cc. of a colorless liquid residue much less volatile than the hexafluoride. 
This residue was further fractionated and about 1 cc. of liquid obtained 
which was distilled under vacuum into a tube equipped with a click-gage 
and a series of small side tubes. After freezing with liquid air and sealing 
off the original container, the tube containing the liquid was surrounded by 
a bath of finely divided melting ice. The vapor pressure was then meas- 
ured, a portion of the liquid distilled into a side tube, and the side tube 
sealed off. Both the side tube and main tube were cooled with liquid air 
before sealing to avoid the decomposition which results when the vapor is 
in contact with hot glass. This process was repeated until all the material 
had been thus distilled into seven small tubes. 

The vapor pressures at  0.0' varied from 81.4 mm. for the original amount 
of liquid to 27.6 mm. for the last portion, thus showing that a pure product 
had not been obtained. The vapor densities of the second and sixth por- 
tions were determined and the results gave molecular weights of 342.0 and 
341.6, respectively, showing that the composition had varied but little as a 
result of the fractionation. The melting point of the first fraction was 
found to be - 13.6' and the boiling point 61.2O. An attempt was made to 
analyze the material for tellurium and fluorine but no precise results were 
obtained due to the difficulties involved. The method of preparation 
renders the presence of oxygen in the substance very unlikely. 

Conclusions as to the nature of the substance must be based principally 
on the vapor density results. No tellurium fluoride molecule containing 
only one atom of tellurium would have a molecular weight as high as 342, 
since the molecular weight of TeFe is only 241.5. The compounds TezF8 
and Te2F6 would have as molecular weights 407.0 and 369.0, respectively, 
while TezF2 and Te2F4 would have values lower than the observed one, 
namely, 293.0 and 331.0, respectively. From the results i t  is not possible 
to give the exact composition of the liquid material. I t  appears to be a 
mixture of two or more compounds and a t  least one of them contains more 
than one atom of tellurium in the molecule, but the formulas for these 
compounds cannot be given with certainty at  this time. 

When the liquid, enclosed in a glass tube, is placed in hot water (85O or 
greater), a fairly rapid decomposition takes place with the formation of a 



March. 1933 STUDIES ON OXIDATION-REDUCTION. XVIlI  89 1 

white precipitate which is presumably the difluoride. The liquid is denser 
than water and reacts slowly with it with the evolution of a small amount 
of gas, the gas in turn reacting slowly with the water in much the same 
manner as does the hexafluoride. 

The small amount of material obtainable makes a more extensive study 
of the compound not feasible a t  this time. 

Summary 

The vapor pressures, melting points and sublimation points of selenium 
and tellurium hexafluorides have been measured and determinations of the 
heats of formation of the hexafluorides of sulfur, selenium and tellurium 
have been made. The resulting thermochemical constants of the three 
compounds have been calculated and presented in Table IV. 

It has been found that selenium hexafluoride reacts with ammonia gas 
slowly at  200' and much more rapidly a t  330°, to give selenium, nitrogen 
and hydrogen fluoride. This fact together with the thermal data has 
been used to show that the inertness of the hexafluorides toward reducing 
agents is not to be ascribed to a lack of thermodynamic tendency to react. 

A lower liquid fluoride of tellurium has been discovered. 
PASADENA, CALIFORNIA RECEIVED JULY 25, 1932 
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[CONTRIBUTION FROM THE DEPARTMENT OF PHYSIOLOGICAL CHEMISTRY, THE JOHNS 
HOPKINS UNIVERSITY ] 

Studies on Oxidation-Reduction. XVIII. Simple 
Safranines 

Preliminary measurements in three laboratories1 have assigned to certain 
dyes of the azine group potentials which are much lower than those which 
characterize any indicator system discussed in the first sixteen papers of 
this series. For this reason azine dyes have been used in several attempts 
to reveal the extreme reducing ability of cells in anaerobiosis, and they 
have been considered as possible mediators for the potentiometric study a t  
low potentials of "electromotively inactiveJ' systems. However, the pre- 
cision of none of the preliminary physical measurements was satisfactory 
and the conduct of the reductants led Cohen, Chambers and Reznikoff2 

to doubt their usefulness in the biological field. Therefore we have re- 
examined a few of the simpler safranines. 

The potential measurements which we now report are good criteria of the 
primary reversibility of the oxidation-reduction process. They define 

(1) Clark and Zoller, Science, 64, 557 (1921); Vellinger, Arch. phys. biol., 7, 113 (1929); Rapkine, 
Struyk and Wurmser, J. chim. phys., 26, 340 (1929). 

(2) Cohen, Chambers and Reznikoff, I .  Gen. Physiol., 11, 585 (1928). 



those more important physical characteristics which must be known. But 
the experiments also emphasize certain peculiarities of the components of 
the systems which doubtless were responsible for the uncertainties of previ- 
ous measurements and which will have to be considered in the ordinary 
uses of these indicators. The experiments also reveal another set of cases 
in which there appears to be what we call a "concentration effect." 

A theoretical interest in this concentration effect makes it advisable to 
state the nature of certain observations which may cast doubt upon the 
reliability of the potentials used lest the unannotated exhibit of the more 
concordant, calculated constants convey the impression that all possible 
errors have been eliminated with certainty. In  the majority of instances 
we have observed the following. After each successive addition of reducing 
agent (chromous acetate), the curve relating potential to time seemed to 
approach an asymptotic limiting potential. After a period, varying from 
five to thirty minutes or more, the potentials would remain for various 
times within a few hundredths of a millivolt of the apparent limit. How- 
ever, in those cases in which observations were prolonged it was observed 
that the potentials ultimately drifted to more positive values. This indi- 
cates that the minimal potentials which we have used are not those which 
approach an asymptotic limit as an equilibrium point but are minima 
resulting from the operation of two opposing effects. It is obvious that an 
appreciable period may be necessary for the completion of the reaction, 
for tautomeric rearrangements and for adjustment of the electrode; but a 
turn in the direction of the drift is a cause for suspicion. 

One ever-present suspicion is of the presence of oxygen in the nitrogen 
used to deaerate and to stir the solutions. This nitrogen, originating 
commercially in the fractionation of liquid air, was passed through a 93 X 
2.5 cm. column of copper wire a t  about 400". The copper wire, of 0.26 
mm. diameter, cut into short lengths, was of a special, pure grade obtained 
through the courtesy of Mr. Charles H. Davis of The American Brass 
Company. The copper was repeatedly roasted and reduced in an electric 
furnace before use. All connections were, of course, metal or glass or, 
when metal to glass junctions were required, they were heavily coated 
inside and out with DeKhotinsky cement. Because of the finite equi- 
librium pressure of oxygen over heated cupric oxide and the accumulation 
of such oxide at the first end of the tube, i t  is possible that a trace of oxygen 
might remain. Not a trace was detected in 60 liters of the nitrogen upon 
employing a modification of the method of Hand,3 which we found to give a 
distinct response to 1.8 X mg. of oxygen. We tried the well-known 
method of spraying a finely divided stream of nitrogen through a filter 
candle into an oxygen absorbent. We used Fieser's4 oxygen absorbent and 
observed no improvement of electrode conduct. 

(3) Hand. J .  Chcm. Soc., 123, [2] 2573 (1923). 
(4) Fieser, THIS JOURNAL, 46, 2639 (1924). 
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If the leuco dyes are more efficient absorbents than Hand's modification 
of Winkler's reagent, there still remains the possibility that oxidation 
sufficient to affect electrode potentials might have been produced by quanti- 
ties of oxygen which we failed to detect. Accordingly we constructed a 
special cell in which all connections were sealed with mercury and in which 
titrations were conducted under a static layer of the purified nitrogen 
after a prolonge dperiod of deaeration by the streaming nitrogen. There 
was no improvement of electrode conduct. 

On the other hand, the behavior of the leuco dyes is suggestive. In the 
first place, treatment of these dyes by hydrogen and any one of several 
platinum or palladium catalysts produces not only a reversible reduction 
but a more profound change. For example, phenosafranine, exposed for 
eighteen hours to hydrogen in the presence of a mild platinum catalyst, 
suffered nearly complete destruction when buffered at PH 1 and about 75% 
destruction at PH 7. Somewhat less destruction resulted from the use of 
palladium deposited upon barium sulfate. In such experiments the period 
of exposure was long for the purpose of emphasis. A solution of the leuco 
compound, immediately after its formation by reduction, was filtered from 
the catalyst and retained in vacuum. A distinct color change occurred 
within thirty minutes; the color had deepened5 by the following morning 
and when the solution was reoxidized by exposure to air about half of the 
original dye seemed to have been lost, according to the rather difficult 
colorimetric comparison between the original solution and this more com- 
plex, recovered solution. A considerable number of experiments similar 
to those cited above, as well as observations of the solutions titrated, have 
shown that in whatever manner these safranines are reduced their leuco 
products undergo a noticeable color change when held in buffer solutions of 
PH range 3 to 7.5. This is manifested even in the reoxidized solutions by 
the persistence of a fluorescence different in quality from that of the original 
dye solutions. This fluorescence is greatly diminished by acidification of 
the solution. 

Now, in their report upon neutral red, Clark and Perkins6 showed that a 
"fluorescent material," which was isolated in crystalline form, develops in 
slightly acid solutions of the leuco compound, is electromotively inactive in 
neutral and slightly acid solutions, is rendered active by strong acid and is 
subject to decomposition in aqueous buffer solutions. The drifts of elec- 
trode potential were attributed to the formation of this material and to its 
decomposition. 

In several respects the leuco safranines remind us of leuco neutral red. 
However, the fluorescence which develops is less distinct and a "fluorescent 
material" has not been isolated. We can say only that where the fluores- 

(5) No light effect comparable with that described by Clark, Cohen and Gibbs [Public Health 
Re@orts, 40, 1131 (1926)l for methylene white was detected. 

(8) Clark and Perkins, THIS JOURNAL, 64, 1228 (1932). 



cence has developed most distinctly, namely, in buffers of PH range, 
roughly, 3 to 7.5, the greater difficulties with potential measurements have 
occurred and the greater discrepancies in the constants calculated from 
these measurements have been found. 

It should be emphasized that, while the foregoing remarks concerning a 
reversal of potential drift apply generally, the potentials in acid phosphate 
and acid citrate buffers were remarkably constant over considerable 
periods and ordinarily would be accepted as highly satisfactory. On the 
other hand, the attainment of constancy was very slow. 

Although we can find no quantitative relation between the shift of Eo 
with change of concentration and either the rate of attainment of apparent 
constancy of potential or the time of reversal, it may be that some kinetic 
effect of concentration has dominated the situation sufficiently to produce 
a false appearance of a shifting point of equilibrium. Since there is no 
evidence for this supposition, we must respect the data as they stand. 
There then remains the fact that when these data are put through the 
mathematical mill devised by Reed and Berkson7 and briefly reviewed in 
the preceding paper of this series, they yield constants which are the more 
consistent the more stable the minimal potentials. 

A fair idea of the precision attained in any one titration conducted in an 
unfavorable region of PH may be obtained by using as typical of the present 
cases the deviations from average values of E: found in Tables I, I1 and I11 
of the previous paper on neutral red. However, the selection of favorable 
conditions made i t  possible to obtain distinctly greater precision with the 
simple safranines. Indeed, the reader may be surprised to find that we are 
reporting the fifth decimal in two instances which are typical of several. 
Neither the reproducibility of separate titrations nor the elimination of 
errors from the supplementary data which are required for the calculation 
of certain constants would justify this; but later we shall dwell upon an 
important point which can be demonstrated by means of the consistency 
of the values of E: for any one experiment. This is the reason for showing 
the extent to which the fourth decimal is "protected" in any one experi- 
ment. The apparent precision of the potentiometric readings required a 
comparable precision of the ratios of the buret readings. Accordingly the 
micro buret was calibrated with mercury to obtain precise ratios. In 
general it may be said that the magnitude of experimental errors seems to 
be fairly represented by discrepancies in the calculated constants. 

All potential measurements were made a t  30'. Previous papers of this 
series have described the more usual procedures, the conventions, the type 
of measurements used in correcting potentials for change of PH during 
dilution and other details. To the cases under consideration the following 
equation applies within limitations which will be discussed later. 

(7) Reed and Berkson, J .  Phys. Chem., 33, 760 (1920). 
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Eh = EO + 0 . 0 3 0 0 6 l o g ~  + 0.03006 log [(H+)3 +- K1.,(H+)2 -I- K,,Kr2(Hf)] ( 1 )  
[SR I 

Here Eh is the potential in volts, referred to the hydrogen standard; 
[So] is the molar concentration of total oxidant; [SR] is the molar concen- 
tration of total reductant; (H+) is the hydrion activity; K,, = (Hf) 

- (H f) (HRed) /(&Red+). ,4t constant ( ~ r ~ e d )  j ( ~ $ ~ e d + )  ; K,, - 
hydrion activity the last term of (1) becomes constant. Then a t  unit . 
ratio of total oxidant to total reductant and specification of the PH number, 
we write Eh = E:. In the tables y indicates the milliliters of reducing 
agent actually used and d the correction for residual oxidizing impurities 
estimated by the method of Reed and Berkson.' 

Experimental 

Phenosafranine (Rowe 840).8 I.-A commercial preparation was re- 
crystallized twice from methanol. The product was dried to constant 
weight over phosphorus pentoxide. Anal. 
(Kjeldahl). Calcd. for ClsHlaN4Cl: N, 17.37. O/%f] Found: N, 17.4, 17.3. 

In Table I are summarized the results of H2N/ /\N/\ \NH,C1 
individual titrations and the calculations there- 
from. Here there is evident the effect of the 
particularly rapid change which takes place in 
leuco phenosafranine between PH 3 and 7. 

I') \\ 

I 
Within that range the general tendency of the 
observed values of E; to be positive to our best placement of the calculated 
values, made after a consideration of the E ~ : P H  curve as a whole, prob- 
ably gives a fair representation of the errors. The concentration effect will 
be discussed later. 

TABLE I 
PHENOSAFRANINE. RELATION OF EI TO PII 

Determined by individual titrations with chromous acetate at 30'. Values used in 
calculations: K,  = 1.12 X 10-6 (fiK,, = 4.95), K,, = 1.67 X (flK,, = 5.78), 
Be = 0.2800 at  - log C = 4.52; 0.2790 at  - log C = 3.52. C = concentration of total 
dye at  50y0 reduction. 

Buffer PH -log C E: Found B: calcd. Pound - calcd. 

HCI 1.079 4.52 +0.1823 $0.1827 -0.0004 
Citrate 2.004 4.52 .0991 .0993 - .0002 
Citrate 2.005 3.52 .0982 .0982 . 0000 
Phosphate 2.124 4.53 ,0885 .0885 . 0000 
Citrate 2.735 3.52 .0323 .0324 - .0001 
Citrate 2.735 3.52 .0323 .0324 - .0001 
Citrate 3.194 4.52 - .0031 - .0078 + .0047 
Citrate 3.194 4.52 --,0041 - .0078 +.0037 
Citrate 3.195 3.52 - .0058 - .0089 + .0031 
Citrate 3.195 3.52 - ,0057 - .0089 4- ,0032 

(8) Rowe, "Colour Index," Society of Dyers and Colourists, 1924. 



Buffer 

Citrate 
Citrate 
Citrate 
Acetate 
Acetate 
Citrate 
Citrate 
Citrate 
Citrate 
Phosphate 
Phosphate 
Borate 
Phosphate 

TABLE I (Concluded) 
P H -log C 6 found 

3.453 4.52 -0,0274 
3.453 4.52 - . 0 2 7 4  
3.445 3.52 - .0270 
4.076 4.52 - . 0 8 6 2  
4.972 4.52 - .I581 
5.448 4.52 - . I 8 4 9  
5.448 4.52 - . I 8 4 0  
5.449 3.52 - . I 8 3 9  
5.723 4.52 - .2008 
6.082 4.52 - .2180 
7.105 4.52 - . 2 5 5 8  
8.622 4 .52  - . 3 0 1 7  

11.097 4.52 - . 3 7 6 0  

Found - calcd 

+ O .  0036 
+ .0036 
+ .0043 
- ,0003 
- 0001 
+ ,0039 
+ .0048 
+ .0060 
+ .0027 
+ .0017 
- .OW3 

. 0000 

. 0000 

Dimethyl Phenosafranine (Fuchsia, Rowe 842). 11.-For the sample 
used we are indebted to Dr. Max Phillips. He prepared it according to 

the method of Bindsche~ller.~ The dye 

qN\0 was salted out of solution with sodium 
chloride and crystallized from ethanol. 

/ N/\/\\N(CH1)2CI A qualitative test showed that the dye had 
not been completely freed from salt by 0 this crystallization, a fact which may ac- 
count for the low nitrogen. Anal. (Kjel- 

\ 
I1 dahl). Calcd. for C ~ O H I ~ N ~ C ~ :  N, 15.98. 

Found: N, 15.0, 15.1. The potentiometric 
measurements indicated a homogeneous dye. 

As in the case of phenosafranine, so in the case of the dimethyl derivative 
the titrations were satisfactory when conducted with acid phosphate and 
acid citrate buffers and moderately good when conducted with alkaline 
solutions. In the intermediate range the results with dimethyl safranine 
were much better than those with phenosafranine. Table I1 represents one 
of the titrations conducted under favorable circumstances. 

Upon assembling the values of Eo, calculated from a considerable number 
of those titrations which were conducted under the more favorable condi- 
tions, the discrepancies were judged to be much larger than the recognized 
experimental errors would allow. There was then applied the empirical 
equation (2) 

go = Eo + 0.0044 log C (2) 

where C is the molar concentration of total dye a t  50y0 reduction. A fairly 
good resolution of the discrepancies is evident in Table 111. An exception 
is the first recorded case in which we can trace no source of error. 

In Table IV are assembled the results of three series of measurements 
made as follows. To each buffer solution was added an aliquot of the 

(9) Bindschedler, Bcr., 16, 869 (1883). 
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TITRATION OF DIMETHYL PHENOSAFRANINE WITH CHROMOUS ACETATE AT 30 
Approximate composition of buffer: 0.1 M citric acid, 0.05 M NaON per liter. 

Solution titrated: 75 ml. buffer + 5 ml. buffered, 0.001 M dye. Chromous acetate 
diluted 1:l with double strength buffer. Log concn. dye at 50% reduction = -4.22. 
PH = 2.960. 

3' 
ml. corr. 

(Buret A) y - d 
0.496 0.316 
0 794 0.614 
1.091 0.911 
1.387 1.207 
1.685 1.505 
1.983 1.803 
2.287 2.107 
2.589 2.409 
2.892 2.712 
3.194 3.014 
3.496 3.316 
3.797 3.617 
4.099 3.919 
4.397 4.217 
4.702 4.522 
5.001 4.821 
-5.298 5.118 
5.596 5.416 

A -. 5.635 

Eh 
0.05665 

,04709 
.04111 
,03654 
,03280 
,02953 
.a2640 
,0236 3 
.02065 
.01787 
.01504 
.01208 
.00880 
,00538 

+ .00140 
- .00348 
- ,00995 
- .02026 
Average 3 
Ee = 

Deviation 
from av. 

(+0.00013) 
- .00001 - .00004 
- .00010 
- .00005 
+ .00002 

.00000 
+ .00005 
- . o m 2  
+ .00002 
+ .00004 
+ .00003 
+ .00001 
- .00006 
+ .00003 
+ .WOO5 
(+ .00030) 
(+ .00195) 

TABLE 111 

DIMETHYL PHENOSAFRANINE. EFFECT OF CONCENTRATION 

Results of individual titrations with chromous acetate. C = molar concn. of dye 
system at 50% reduction. Eo = EO + 0 0044 log C. - Deviation 

Buffer Pa d Eo -log C Eo from 0.2680 

Phosphate 2.123 0.0956 0.2867 4.60 0.2666 -0.0014 
Phosphate 2.693 .0405 .2833 3.38 .2684 f .0004 
Citrate 2.960 .0199 .2866 4.22 .2680 . 0000 
Citrate 3.094 .0064 .2852 3.97 .2677 - .0003 
Citrate 3.101 .0039 .2832 3.38 .2683 4- .0003 
Citrate 3.495 - .0273 .2873 4.33 .2682 + .0002 
Citrate 3.493 - .0271 .2874 4.32 .2684 + .0004 
Citrate 3.552 - .0355 .2842 3.67 .2681 C .0001 
Citrate 3.549 - .0367 ,2827 3.39 ,2678 - .0002 
Citrate 3.557 - .0375 ,2827 3.38 .2678 - .0002 
Acetate 4.621 - .I262 ,2849 3.79 .2682 .0002 
Acetate 4.627 - . I 2 8 3  ,2833 3.38 .2684 f . 0 0 0 4  
Citrate 6.209 - ,2302 .2827 3.38 .2678 - .0002 

dye solution. After deaeration, one aliquot of a chromous acetate solution 
was added to the mixture and the minimal potential was recorded. This 
method permits no correction for the variable quantities of oxidizing 
impurities in the buffer solutions and consequently some irregularities are 
to be expected. However, i t  is only in a few cases that these are larger 
than the irregularities experienced with the more detailed method and since 



the E: : PH curve is well defined for acid regions by the comparable data of 
Table 111, the more refined method was not applied extensively to neutral 
solutions. 

TABLE I V  

DIMESHYL PHENOSAPRANINE. RELATION OF EQ TO PH AT 30° 
Determined by addition of one aliquot of chromous acetate solution to each mix- 

ture of dye and buffer. Subsequent orientation at  50% reduction by starred values ob- 
tained from Table 111. Log C at  50% reduction, -3.66. Values used in calculations: 
Kx = 1.26 X lov6 ( ~ K I  = 4.90). K:, = 4.68 X lo1 (PK2 = 6.33), EO = 0.2841. 

Series Buffer PH E: obs E: calcd. Id obs. - E: calcd 

I HCl 1.114 0.1837 0.1837 0.0000 
Phosphate 2.696 ,0417 .0411 + .0006 
Citrate 3.096 ,0065 .0052 + .0013 
Citrate 3.552 - .0356* - .0356 . 0000 
Acetate 4.607 - .I263 - ,1258 - 0005 
Phosphate 6.847 - 2504 - .2557 + .0053 
Borate 8 597 - .3119 - .3117 - 0002 

I1 Citrate 3 552 - .0356* - ,0356 . 0000 
Acetate 4 996 - 1561 - ,1555 - ,0006 
Citrate 5.365 - .I785 - ,1808 + 0023 
Citrate 6 794 - 2066 - ,2069 + ,0003 
Citrate 6.217 - .2298 - .2291 - ,0007 
Phosphate 7 222 - .2689 - .2589 . 0000 
Borate 7 960 - ,2940 - .2925 - .0015 
NaOH + KC1 12 304 - ,4225 - .4233 + .0008 

I11 Citrate 3.552 - .0356* - .0356 . 0000 
Acetate 4.236 - .0951 - .0953 + .0002 
Citrate 5.794 - ,2064 - ,2069 + .0005 
Borate 8 185 - .3004 - ,2992 - ,0012 
Borate 8.597 - ,3127 - .3117 - ,0010 
Borate 9.704 - 3449 - ,3451 + ,0002 
Phosphate 11.296 - .3909 - .3929 + 0 0 2 0  
NaOH + KC1 12 300 - 4220 - 4234 + 0008 

Tetramethyl Phenosafranine (Iodide). 111.-After having made 
several titrations of a sample of the chloride and having found the slopes of 

the titration curves to be suggestive of a 
// /Nb/\ 
I iI mixture of dyes, we appealed to Dr. Leslie 

Hellerman for a satisfactory preparation. 
(oH,),N/\\/\N/\/bN~CHR~21 He followed in the main the method of 

Bindschedlerlo with care for the purity 0 of the reagents used in making Bind- 
schedler's green, regard for the ease with 

\ 
111 

which this intermediate is hydrolyzed (see 
Phillips, Clark and Cohen) ll and the cau- 

tious oxidation of the mixture of Bindschedler's green and aniline to the 
safranine. The crude chloride contained considerable impurity and was 

(10) Bindschedler Ber., 16, 867 (1883); cf. Nietzke, ibid., 16, 472 (1883). 
(11) Phillips, Clark and Cohen, Public Health Reports, Supplement 61 (1927). 
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very resistant to crystallization. The iodide was prepared as follows. 
To a dilute aqueous solution of the crude material an excess of potassium 
iodide was added. The small crystals which formed were separated by 
filtration, thoroughly washed with water and recrystallized twice from 
ethanol. The substance was dried to constant weight a t  110° over phos- 
phorus pentoxide. Anal. (Kjeldahl). Calcd. for CzzH23N41: N, 11.92. 
Found: N, 11.8, 11.6. This material gave titration curves as of a homo- 
geneous dye. Table V summarizes data sufficient to define the E~:PEI  curve. 

TAZLE V 

TETRAMETHYL PHENOSAFRANINE (IODIDE) RELATION OF E6 TO PH 

Determined by individual titrations with chromous acetate a t  30". Values used 
in calculations: Krl = 4.79 X 10- (PK,, = 5.32). K,, = 3.55 X lo-? (pH,, = 6.45). 
Ea = 0.2896. Log C (at 50% reduction) = -4.60. 

BuRer PH E L  found E L  calcd Pound - calcd 

Citrate 2.966 +O.  0221 +O ,0222 -0.0001 
Acetate 4 082 - .0780 - .0777 - ,0003 
Acetate 4 984 - 1547 - ,1547 . 0000 
Citrate 5.855 - 2157 - .2166 + ,0009 
Phosphate 6.478 - -  2513 - ,2498 - ,0015 
Phosphate 7.311 - 2820 - .2822 + ,0002 
Borate 8 248 - 3118 - ,3118 0000 

Tetraethyl Phenosafranine (Amethyst violet, Rowe 847). 1V.-For 
the sample used we are indebted to Professor H. Bucherer of Munich. 
The material contained zinc and pre- 
sumably was the zinc chloride double 
salt. We attempted to recrystallize 

;yNy7 I 

this material but found difficulty in (4NI)2N/\ \N / \ \ /~ (CIHI )2CI  
recovering an amount of clean crystals 1 
sufficient for our titrations. 

The potentials observed with this 
compound in acid solution were very 

0 \ 

(Zinc double salt) 
stable. Table VI contains a good set IV 
of data indicative of a homogeneous 
material. In  neutral and alkaline buffers the free base of the reductant 
separates from solutions as dilute as 1 X low5 molar with consequent 
distortion of the titration curve. By working rapidly and considering the 
first section of each titration curve we obtained rough estimates of E; 
values, but the details need not be stated since the graphic representation 
in Fig. 1 is adequate for the precision obtained in neutral and alkaline 
solutions. The estimated dissociation exponents, 6.4 and 7.7, are only 
crude approximations. 

Safranine T (Safranine 0) Rowe 841.-The original commercial 
sample bore the label "Safranine 0, Schultz 679"12 and the certification 

(12) This number undoubtedly refers t o  the 1014 edition of "Farbstofftabellen" by Schultz. In 
the edition of 1931 the number is 967. 



TABLE VI 
AMETHYST VIOLET. TITRATION WITH CHROMOUS ACETATE AT 30' 

Approximate composition of buffer: 100 ml. 1 M KHlPOd + 50 ml. 1 iM HCI, 
diluted to I liter. Solution titrated: 75 ml. buffer + 10 ml. 0.00076 M dye (uncorr.). 
Reference PH (that of 75 ml. buffer + 10 ml. water) 2.118. Log concn. of dye at 50% 
reduction = -4.06 (uncorr.). Correction of Eh for change of PH due to dilution, 0.17 
mv. per ml. 

Y Reduction, 0.030066 Deviation from 
(Buret B) y  - d  % log [SR]/ [So] Eh corr. & average 

Average .l6444 
Eo = .3554 

No. PS-2 of the Commission on Standardization of Biological Stains. I t  
probably consisted of a mixture of dyes V and VI as stated by Rowe. 

v1 
TABLE VII 

SAFRANINE T. TITRATION WITH CHROMOUS ACETATE AT 30 
Approximate composition of buffer: 100 ml. 1 M citric acid $. 35 ml. 1 M NaOH 

diluted to 1 liter. Solution titrated: 75 ml. buffer 3. 5 ml. 0.0005 M dye. Reference 
PH (that of 75 ml. buffer + 5 ml. water) 2.738. Log C a t  50% reduction = -4.53. 
Correction of Eh for change of PH due to dilution, 0.17 mv. per ml. 

Reduction, 0.03006 
Y Y - d  % log [SR]/[~O] Eh Corn. & Deviation 

0.0364' (-0.0062) 
.0127 - .0078 
.0028 - .0077 - .0048 - .0077 

- .0120 - .0078 
- .0198 - .0077 
- .0307 - .0079 
- .0653 - .0079 

Average - .0078 



March. 1933 STUDIES ON OXIDATION-REDUCTION. XVIII 901 

By crystallization, first from warm 95% ethanol and again from absolute 
ethanol, the material gave large, clean needles of uniform appearance. 
These retained "moisture" tenaciously. when brought to constant 
weight by intensive drying they yielded 15.7 and 15.6% nitrogen The 
theoretical value corresponding to formula V is 15.98% N and that corre- 
sponding to formula VI is 15.41% N. 

The results of the potentiometric measurements were surprisingly like 
those of a homogeneous dye, as Table VII  clearly indicates. If our crystal- 
lization has not isolated such a dye it must be that the characteristic po- 
tentials of the component dyes are nearly the same. Table VIII sum- 
marizes the results. 

TABLE VIII 
SAPRANIPU'E T, RELATION OF Ei TO PH 

Determined by individual titrations with chromous acetate a t  30'. Values used 
in calculations: K,, = 1.95 X (pK,, = 4.71). K,, = 1.82 X (PK,, = 5.74), 
EO = 0.2381. Log C a t  50y0 reduction, -4.53. 

Buffer PH E: obs. E: calcd. Deviation 

HC1 1.093 +O.  1386 f0.1395 -0.0009 
Citrate 2.738 - ,0078 - .0086 + .000S 
Acetate 4.620 - .I707 - ,1703 - .0004 
Acetate 4.985 - .I972 - .I961 .0011 
Acetate 5.218 - .2112 - .2109 - .0003 
Citrate 5.425 - .2224 - .2229 + .0005 
Phosphate 6.090 - .2540 - .2541 + .0001 
Phosphate 6.496 - .2688 - .2692 + .0004 
Phosphate 7.106 - .2884 - .2890 + .0006 
Borate 8.629 - ,3356 - .3354 - .0002 
Borate 9.679 - .3671 - .3670 - .0001 
Phosphate 10.94 - . a 4 9  - .4049 . 0000 
NaOH + KC1 12.32 - ,4464 - .4464 . 0000 

Supplementary Data 
To extend the study of the concentration effect, parallel measurements 

a t  two concentrations were made with each of the dyes listed in Table IX. 
In this series of experiments the strength of the acid phosphate buffer was 
made double that used in previous experiments in order to provide a further 
check by lowering the error due to changes in acidic and basic components 
during titration. Of course the effect of dilution upon the PH value of the 
buffer remained and in each instance it was determined by hydrogen elec- 
trode measurements of dilutions made in this instance, not by water, but 
by an oxidized solution of the chromous acetate reducing agent. Since the 
buffer strength was such as to give an ionic strength approximately twice 
that of comparable previous experiments, the constants of Table I X  are 
not strictly comparable with those of previous experiments (see footnote 15, 
page 906). 

Titrations of reduced solutions of the safranines with oxidizing agents 
were also made. For the reasons already stated the results were not 



precise but they indicated that no serious peculiarities had been introduced 
by dependence upon the titrations with chromous acetate. 

In  Table X are summarized some spectrophotometric measurements 
which will be discussed later. 

EFFECT OF CONCENTRATION OF DYE SYSTEM UPON EO 
Results of titrations with chromous acetate in 0.2 M KHzPOl + 0.1 M HC1 

Log concentration -3.79 -4.60 
Oxidant of system E0 Eo A E /  A log C 

Phenosafranine 0.2817 0.2825 -0.0010 
Tetramethyl phenosafranine .2905 .2923 - .0022 
Tetraethyl phenosafranine .3557 .3606 - .0060 
Safranine T .2342 .2382 - .0050 

See also Table 111. 

ALTERATION OF ABSORPTION MAXIMA 

C = molar concentration of dye 

Compound -log C 
Phenosafranine 2.82 

4.21 
3 .0  
5.0 

Dimethyl phenosafranine 3.0 
5 .0  

Tetramethyl phenosafranine 3.0 
5.0 

Tetraethyl phenosafranine 3 . 0  uncorr. 
(ZnCL double salt) 5.0 uncorr. 

Safranine T 3.0 
5.0 

Methylene blue 3.04 
5.40 

Nile blue 2.74 
4.66 
2.74 
5.05 

Absorption 
max. 1n mp 
515 
520 
515 
520 

530 
550 

542 
578 

Observer 
IIolmes 
Holmes 
S. C. and C. 
S. C. and C. 

S. C. and C. 
S. C. and C. 

S. C. and C. 
S. C. and C. 

S. C. and C. 
S. C. and C. 

S. C. and C. 
S. C. and C. 

Holmes 
Holmes 

Holmes 
Holmes 
Cohen and Preisler 
Cohen and Preisler 

Nature of solution 
Aqueous 
Aqueous 
Phosphate buffer PH 2.1 
Phosphate buffer Pa 2.1 
Phosphate buffer Pa 2.1 
Phosphate buffer Pa 2.1 
Phosphate buffer Pa 2.1 
Phosphate buffer Pa 2.1 
Phosphate buffer Pa 2.1 
Phosphate buffer Pa 2.1 
Phosphate buffer Pa 2.1 
Phosphate buffer Pa 2.1 
Aqueous 
Aqueous 

Aqueous 
Aqueous 
Aqueous 
Aqueous 

Discussion 
The potentiometric and other measurements demonstrate that each of 

the several systems is, primarily, reversible. However, the reductants 
are subject to progressive alterations which should be seriously considered 
as limiting the reliability of these dyes as oxidation-reduction indicators. 

With reservations to be discussed later, the data satisfy equation (1). 
From this fact and the attendant numerical values of the constants may be 
drawn some interesting conclusions. Each of the graphic representations 
of the relation of E: to PH, as shown in Fig. 1, exhibits a section where 
A E h / A P ~  = -0.09016 and a section where A E h / A P ~  = -0.03006. 
The intersection of projections of these sections (or the corresponding 
algebraic relations) determines the values of I/%(PK,, + pKn) and hence 



March, 1933 STUDLES ON OXIDATION-REDUCTION. XVIII 903 

Kr,Kr2. Since these distinct sections of each curve are fairly well placed, 
the value of K,,K, is determined rather well. On the other hand, the 

PH. 

Fig. 1.-Relation of E h  to PH a t  50% reduction of dye (E;  :PH 
curve). 

Experimental Comparisons 

-r- Phenosafranine a t  log C = -4.52 A. 2,6-Dibromophe- 
nolindophenol 

-@- Dimethyl phenosafranine a t  log C = -3.66 B. Methylene blue 
-8- Tetramethyl phenosafranine a t  log C = -4.60 C. Indigo disulfonate 
* Tetraethyl phenosafranine a t  log C = -4.53 (uncorr.) D. Neutral red 

-C- Safranine T a t  log C = -4.53 (H. Hydrogen a t  1 atm.) 

greater difficulties of measurement and the consequent uncertainties of 
calculation are encountered in that region of PH where the inflections of the 
curves occur and there the very highest accuracy is required for the evalu- 



ation of the individual dissociation constants. Hence these individual 
values are not well known. The refinements used in the tables are for 
purposes of definite calculation. However, there can be no doubt that 
there have been established relations similar to those of the methylene blue 
~ y s t e m . ~  The structural allocation of dissociation constants in the case of 
the components of the methylene blue system was confirmed by compari- 
sons with the data for Lauth's violet, for Bindschedler's green and for 
toluylene blue," an assembly of data in which dissociation constants not 
measurable in one instance were apparent in another instance. Since the 
safranines are similar to Lauth's violet and methylene blue as regards basic 
groups, there is good reason to assume the following. The predominant 
form of each oxidant of the safranines is the paraquinone structure, indi- 
cated by the formulas I-VI, resulting in a "polar" group so strongly basic 
that the dissociation exponent does not come within the reach of our 
experiments. The other amino, or substituted amino group, of each 
oxidant is so weakly basic that its dissociation exponent also does not come 
within the reach of our experiments. Therefore, we have to deal with one 
predominant form which may be represented by the symbol Ox+. Upon 
reduction the molecule attains a more symmetrical structure, and the 
dissociation exponents fall within the range 4.7 to 7.7. Indeed in any one 
compound they are so close as to obscure the intermediate "0.06-slope" 
of the E::PH curve (see Fig. 1). The influence of strengthening basicity is 
evident in Fig. 1 where the E ~ : P H  curves for the tetramethyl and the 
tetraethyl phenosafranines, which fall above the curve for phenosafranine 
at  low Pa, cross this curve and then run below it  a t  high PH. 

In  Fig. 1 the E::PH curves of 2,6-dibromophenolindophenol, methylene 
blue and indigo carmine and also the curve of the hydrogen electrode 
(at 1 atmosphere Hz) are included to show the relative positions of the 
safranine oxidation-reduction systems. There is also included the curve 
for neutral red from PH 4.5 to 7.9. This curve shows the structural influ- 
ence upon the course in alkaline solution. It runs parallel and very close to 
the curve for safranine T in acid solution, the values of Eo being: neutral 
red, 0.240; safranine T, 0.238. 

With that caution which has already been noted regarding a possible 
systematic error, we may now discuss the "concentration effect." In the 
case of phenosafranine the situation is not entirely clear. The measure- 
ments in buffer solutions of PH range 3 to 7.5 were particularly subject to 
drifts and the resulting errors are evident alike in Table I and Fig. 1. 
However, if we confine attention to the more acid solutions, there appears 
in Table I about a millivolt increase of EO per tenfold dilution of the dye 
system. This is confirmed by the data of Table IX. With the other 
systems the "concentration effects" are more distinct (see Tables I11 
and IX). 



There seems to apply, within the range of concentrations used, the 
empirical equation (2a) 

20 = Eo + A log C (2a) 

where A is 0.001 for phenosafranine, 0.0044 for dimethyl phenosafranine, 
0.0022 for tetramethyl phenosafranine, 0.006 for tetraethyl phenosafranine 
and 0.005 for safranine T. Similar relations have been reported by Clark, 
Cohen and Gibbs,"hose somewhat discordant data for methylene blue 
may be expressed by equation (2a) and the coefficient 0.0154 between log 
C = -3.0 and -4.0, and by Cohen and Preisler13 whose consistent data 
for Nile blue at PH 4.88 and the range of concentration between 1 X 
molar and 1 X molar give the coefficient 0.0166. In each of the 
instances there have been encountered difficulties with the potential 
measurements which might have introduced a systematic error; but the 
difficulties have been of a different nature in the three distinct series of 
cases and if systematic errors have been wrongly interpreted as a "con- 
centration effect," they have yielded a remarkably consistent relation. 

In commenting upon the case of methylene blue Clark, Cohen and Gibbs 
noted that their data included the range of concentration within which 
Holmes14 had found remarkable changes in the wave lengths of maximal 
absorption by the oxidant. In conformity with Holmes' statement that 
all the oxazine, thiazine and azine dyes which he examined exhibit this 
effect, Cohen and Preisler found an instance in Nile blue and we have found 
instances with the dyes under discussion. The data are summarized in 
Table X. Since the change of an absorption maximum is not continuous 
with dilution but rather is a replacement of one maximum by another, 
it would be improper to attempt a direct correlation between the magnitude 
of a "shift" and a coefficient of equation (2a). It can only be said that 
the spectroscopic evidence of a change in the species of the oxidant is 
associated with a change in the characteristic potential of the system. 

This and other evidence which suggested that the change of species might 
be a change in state of aggregation led Cohen and Preisler to the tentative 
postulation of a reversible change in the state of aggregation of Nile blue as a 
means of accounting for the change of potential with dilution. If this 
could be proved, accurately controlled potentiometric measurements could 
be used in the very important calculation of the free energy of aggregation. 
However, if the change of potential be attributed to a change in the state of 
aggregation of the oxidant alone, the effect should be revealed not only in 
parallel titrations with different concentrations but also in any one titra- 
tion. A tenfold dilution of the oxidant occurs in passing from the state of 
9% reduction to the state of 90% reduction of the system. This ~hould 
alter the calculated value of E: by one millivolt in the case of pheno- 

(13) Cohen and Preisler, Public Health Reports, Supplement 92 (1931). 
(14) Holmes, Ind. Eng. Chem., 16, 35 (1924). 



safranine and by several millivolts in other cases. While the data for 
certain titrations of phenosafranine doubtless could be recalculated in such 
a way as to furnish the predicted small distortion for this system, neither 
the data of Tables I1 and VI nor the data of several other of the more pre- 
cise titrations would submit to such treatment. I t  is only to indicate this 
that we have reported, with proper qualifications, the fifth decimal in the 
cases cited and have completed the elaborate calculations in other cases. 

There remain to be considered certain aspects of the theoretically more 
complete equations. A discussion of this may be abbreviated if we confine 
attention to the acid solutions where the predominant species are Ox+ and 
~ : ~ e d f  (see page 904). These are involved in the process. 

Ox+ + 2e -t 3H+ H:Red+ 

Let ( ) indicate activity, [ ] molar concentration and y activity 
coefficient. The electrode equation is then (3) 

or a t  constant hydrion activity 

where 
RT B 
2T In - = Eo' 

K 

The last term of equation (4) could hardly be altered appreciably by that 
contribution to the ionic strength of the heavily buffered solution which is 
made by the relativclly very small quantities of the components of the dye 
system. Consideration of the complete equation, involving all species, 
leads to a similar conclusion. Therefore some factor other than ionic 
strength1= must alter the ratio of activity coefficients. 

Thus it appears that neither the ionic strength effect nor a change in the 
state of aggregation of the oxidant alone can account for the "concentration 
effect." 

It is possible that the more careful titrations, which were designed to 
reveal the association of the oxidant, were confined to a range of concen- 
tration unsuited to the purpose. This possibility is now under examination. 

We wish to express our appreciation of the contributions made by the 
persons mentioned in the text and especially of the aid given by Dr. Leslie 
Hellerman and Miss Marie Perkins. 

Summary 
With a precision adequate for the ordinary uses of the dyes as oxidation- 

reduction indicators there have been determined the characteristic con- 
(15) The ionic strength effect has not been subjected to direct experiment in this series of cases 

There are a priori reasons for believing the effect to he much smaller than that demanded of the re- 
lation (RT/nF)  In (ro/rr) = 0.045 i Z  which would obtain under the lemi~tng law of Debye and Iluckel. 
A comparison of the data of Table IX,  obtained with an acid phosphate buffer of p = 0 21, with the 
data of cases where the ionic strength was about 0 1, indicates this and also that there is no consistent 
relation between the coeficients of equation (2s) and the effect of ionic strength. 
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stants of the systems which are named below by the names of the respective 
oxidants. A reversal of potential drift during measurements has been 
ascribed to a secondary, irreversible alteration of reductant similar to but 
not so extensive as that previously reported in the case of leuco neutral red. 
The least interference by this effect was encountered in acid phosphate and 
acid citrate buffers of PH < 3. While an undetected systematic error may 
still persist in such cases, the data indicate that the "normal potential," 
Eo, is a function of the concentration, C, of the dye system as expressed by 
the relation 

Ei, = Eo - A l o g  C 

This cannot be due to the relatively small contributions of components of 
the dye systems to the ionic strengths of the solutions. Apparently precise 
measurements in individual titrations have shown that a reversible change 
in the state of aggregation of the oxidant alone, as tentatively proposed by 
Cohen and Preisler for the case of Nile blue, cannot be applied in the pres- 
ent instances. Some change 01 species of each oxidant is, however, 
indicated by the spectrophotometric comparisons of relatively dilute and 
concentrated solutions of these dyes. 

At a fixed concentration of dye system and approximately constant ionic 
strength the following relation holds in each instance 

RT [Sol RT Eh = Eo + -In - + -In [(HS)3 + K,,(H+)2 + K,,K,,(H+)] 
2 F  [SR] 2 F  

where [So] = molar concentration of total oxidant, [SR] = molar concen- 
tration of total reductant, (H+) = hydrion activity, and K,, = (~;Red)- 
(H+)/(H;R~~+),  K,, =  red) (H+)/(H:R~~). 

For convenience the data of the text have been reduced to comparable 
values for 0.0001 M and constants are rounded off in the table, all values 
at 30°. 

At C = 1 X 10-4 M 
E; at 

Dye Eo PA 7.0 A log C Rr1 pKrl Kr2 P K , ~  
Phenosafranine (Rowe 840) 0.280 - 0.252 - 0.001 1 . 1  X 10-6 4 .95  1 . 7  X 10-6 5 . 8  
Dimethyl phenosafranine (Rowe 842) .286 - ,260 - .0044 1.3 X 4 .9  4 . 7  X 10-7 6 . 3  
Tetramethyl phenosafranine ,288 - ,273 - .0022 4.8  X 10-6 5 .3  3 .6  X 10-7 6 .5  
Tetraethyl phenosafranine(Rowe 847) ,355 - .254 - .006 4 X 10-7 6 . 4  2 X 10-8 7 .7  
Safranine T (Rowe 841) .235 - .289 - .005 2 x 1 0 3  4 . 7  2 x 1 0 - 0  5 . 7  



The Dielectric Constant of Solutions of Amino Acids and 
Peptides 

I. Introduction 

Ever since the introduction of the zwitter ion hypothesis in the papers of 
Kiisterl and Bredig2 more than thirty years ago it must have been apparent 
that one of the outstanding properties of these ions would be their ab- 
normally large electric moments, determined by the distance separating 
the oppositely charged acid and basic  group^.^ Although it is impossible 
to determine electric moments quantitatively in polar solvents, where if a t  
all the existence of zwitter ions may be expected, it is nevertheless possible 
to make qualitative estimates of them from the values of the dielectric 
constant, and in the course of the last ten years a number of investigations 
of the dielectric constant of aqueous solutions of amino acids and related 
compounds have been carried out to test the validity of the hypothesis on 
this bask4 In spite of quantitative differences these results as a whole 
afford good evidence in favor of the zvriitter ion concept. 

In view of the interest of the question, the discrepancies among previous 
results, and above all the need for more extensive data, the present in- 
vestigation was undertaken. This comprises a study of the dielectric 
constant of a number of amino acids dissolved in water, of one also in 
solution in alcohol water mixtures, and of aqueous solutions of the first six 
peptides of glycine. The results are of interest however not only in con- 
nection with the zwitter ion hypothesis but also on account of evidence they 
afford as to the configuration of the molecules. 

II. Experimental Procedure 

The method employed for the determination of the dielectric constant 
was one recently described by the ~ r i t e r , ~  based on the principle of reso- 
nance and yielding absolute values. The frequency was between about 
1.5 X 108 and 6 X lo7 cycles (in terms of wave length, between 2 and 5 
meters) and was varied in a number of cases over a twofold range in view of 

(1) Kiister, Z. anorg. Chem., 13, 135 (1897). 
(2) Bredig, Z. Elektrochem., 6, 33 (1899). 
(3) Assuming the distance separating the amino and carboxyl groups in glycine to  be 3 & in ac- 

cordance with x-ray data, we obtain a value of about 14 X 10-18 e. s. u. for the electric moment. The 
largest moment reported for an un-ionized molecule is 7.1 X 10-18 in the case of 1,8-dinitronaphthalene, 
and this is several times the moment of most compounds. 

(4) See Fiirth, Ann. Physik, 70, 63 (1923); Bliih, Z. physik. Chem., 106, 341 (1923); Walden and 
Werner, ibid., 129, 389 (1927); Hedestrand, ibid., 136, 36 (1928); Devoto, Gazz. chim. ilal., 60, 520 
(1930); 61, 897 (1932). These results were obtained with several different methods a t  frequencies 
ranging from about 5 X 108 to  106 cycles per second. 

(5) Wyman, Phys. Rev., 36, 623 (1930). 
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a possible dependence of dielectric constant on it. However, even in the 
case of the largest molecule studied (the hexapeptide of glycine), qo evi- 
dence of dispersion was apparent, which is in accordance with an analysis 
of the data of previous investigators. The accuracy of the individual 
determinations of dielectric constant was about 0.1%. The measurements 
were, for the most part, made at 2 5 O .  In some cases, however, determina- 
tions were made at a variety of temperatures and the figures for 25' ob- 
tailed by interpolation. 

W. Preparation sf Materials 

The a-amino acids used in the investigation were recrystallized from 
commercial material from alcohol-water mixtures until the analytical 
resrllts indicated a high degree of purity. 

8-A1anine.-B-Alanine was prepared by treating P-bromopropionic acid with a 
large excess of ammonia. After removing ammonia, o-alanine was purified by recrys- 
tallization from alcohol, m. p. 198'; nitrogen, 15.80%. 

pAminobutyric Acid.-0-Aminobutyric acid was prepared by the method of E. 
Fischer and G r ~ h , ~  m. p. 188-190"; nitrogen, 13.50%. 

y-Aminovaleric Acid.--Aminovaleric acid was obtained from the Chemistry De- 
partment of the University of Illinois. It was further purified by recrystallization from 
alcohol, nitrogen 12.0%. 

a-Aminocaproic Acid.-We are indebted to Dr. J. T. Edsall of the Harvard Medical 
School for the preparation of e-aminocaproic acid. This substance was prepared by the 
method of Wallach7 and melted sharply at  199-200°. 

Glycine Peptides.-Peptides of glycine were prepared by the well known methods 
of E. Fischer.' Each of the peptides was reprecipitated from alcohol-water mixtures 
until salt free. Total and a-amino nitrogen determinations were made on each. 

Glycine-&peptide.-Total nitrogen found 21.00%. calcd. 21.21 %; a-amino nitrogen 
found,8 10.96y0, calcd. 10.6070. 

Glycine-tripeptide.-Total nitrogen found, 22.5870, calcd. 22.23%; a-amino nitro- 
gen found, 7.64%, calcd. 7.41%. 

G1ycinetetrapeptide.-Total nitrogen found 22.84%, calcd. 22.77%; a-amino nitro- 
gen found 5.39%, calcd. 5.69%. 

Glycine-pentapeptide.-Total nitrogen found 22.95%, calcd. 23.10%; a-amino 
nitrogen found 4.68%, calcd. 4.62%. 

Glycine-hexapeptide.-Total nitrogen found 23.50%, calcd. 23.3870; a-amino 
nitrogen found 3.68%, calcd. 3.89y0. 

IV. Results on Aqueous Solutions 

It was found in all cases, in agreement with previous results of Hede- 
strand4 and of D e ~ o t o , ~  that the dielectric constant 01 the solutions was, 
within the limits of experimental error, a linear function of the concentra- 
tion, expressed in moles per liter at  2 5 O ,  up to the highest concentration 

(6) Fischer, "Untersuchungen iiber Arninosiiuren, Polypeptide und Proteine," 1899-1906, Julius 
Springer, Berlin, 1906; Vol. 11, 1907-1919, Julius Springer, Berlin, 1923. 

(7) Wallach, Ann., 313, 171 (1900). 
(8) The "found" value was obtained by multiplying the experimental value by 0.8. Abderhalden 

and Van Slyke [Z. physiol. Chem., 74, 606 (1911)] found that glycine peptides gave high a-amino nitro- 
gen values. but if the values obtained were multiplied by 0.8, the result was very close to  the theoretical 
value. 
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studied (2.5 molar in the case of glycine). On this account it is unnecessary 
to list the individual values of the dielectric constant obtained and the data 
may be exactly expressed in terms of the increase of dielectric constant per 
mole of dissolved material, a quantity which, for brevity, we denote by 6, 
and which is accordingly defined by the relation 

where c. is the dielectric constant of the solution, ro that of water, and c the 
concentration of the ampholyte in moles per liter. The data so expressed 
for all the substances studied are given in Table I. In all cases where it was 
measured, the specific conductivity of the solutions and data on the density 
are also included; in addition, the results of previous observers, in so far as 
they exist, are added for comparison in the last column of the Tab1e.O 

The results on glycine were extended over a wider range of temperature 
than in the other cases and it was found that the variation of 6 with tern- 
perature was remarkably slight, though definite. The values are given in 
Table IT. The increase of 6 with diminishing temperature may be re- 
garded as further evidence, in addition to the fact that the results are 
independent of wave length, against the possibility of dispersion a t  these 
frequencies. 

TABLE I1 
THE EFFECT OR TEMPERATURE ON THE DIELECTRIC CONSTANT OF SOLUTIONS OF GLYCINE 

IN WATER. RANGE OF CONCENTRATION STUDIED 0.0-2.0 MOLES PER LITER 

Temperature, "C. 0 5 10 15 20 25 
6 23.80 23.43 23.14 22.94 22.78 22.58 

V. Confirmation of the Zwitter Ion Hypothesis 

In order to interpret the foregoing results we may assume with confidence 
that the greater the dielectric constant of a solution, of given molar concen- 
tration, in a given solvent, the greater the electric moment of the dissolved 
molecules, exactly as in the case of ideal solutions in non-polar solvents. 
More specifically, we will assume that the values of 6, defined above, 
correspond in magnitude with the values of the electric moments of the 
ampholytes, and base our considerations on these in what follows. 

In accordance with this conception the foregoing results greatly 
strengthen the argument in favor of the predominance of zwitter ions in the 
cases studied. (a) In all the new instances, as well as the old, the values of 
6 are positive and much larger than in the case of any of the non-ampho- 
lytes thus far studied. For example, for most of these 6 is negative, and 
even in the case of urea and related substances, which are exceptional in 
raising the dielectric constant of water, 6 is not greater than about 4. I t  
is interesting to observe in this connection that the anhydride of glycyl- 

(9) Since FUrth's results failed to show a linear relation between dielectric constant and concentra- 
tion, i t  is impossible to give a value of 6 for comparison. 



glycine, studied by Devoto, behaves like other non-electrolytes, in marked 
contrast to the peptide itself. It is also worth pointing out that the only " 
amino acids so far investigated which have failed to produce an increase in 
the dielectric constant, namely the o-, m- and parninobenzoic acids studied 
by Hedestrand, are just those estimated by Bjerrurnlo and Ebertll on the 
basis of dissociation constants not to exist predominantly in the zwitter ion 
form. (b) The value of 6 is very nearly the same for all four a-amino 
acids as, likewise, in the case of two P acids. A similar constancy was 
observed by Devoto among a large group of a-amino acids and Hedestrand 
found a close agreement between glycine and a-alanine. This suggests 
that the electric moments of these molecules in solution arise from their 
properties as zwitter ions and do not depend appreciably on specific chemi- 
cal differences. (c) The same thing is also indicated by the progressive 
increase of F with the distance separating the amino and carboxyl groups 
in the molecule. This is shown very impressively by the results on the y- 

and €-amino acids and by the series comprising the peptides of glycine. 
This latter series lends support to a previous interpretation given by the 
author12 to observations on the dielectric constant of solutions of the pro- 
tein zein in alcohol-water mixtures, where, owing to the great size of the 
molecule and the high viscosity of the solutions, the results are obscured by 
phenomena of anomalous dispersion. 

VI. The Configuration of the Molecules 
As already pointed out the present results afford evidence as to the 

configuration of the molecules. It would not be unnatural to suppose that 
the longer molecules, both the amino acids and the peptides, have a ten- 
dency to bend back upon themselves and possibly to form rings. This 
might be expected both in accordance with the tetrahedral model of the 
carbon atom, and on the general grounds that such a bending, bringing the 
positively and negatively charged ends of the molecule closer together, 
would diminish the electric moment and cause a reduction of the associated 
potential energy. It has, moreover, been suggested on more specific 
grounds by several observers.13 In particular, Astbury and Woods1* have 
concluded, on the basis of x-ray studies, that the protein molecules in 
unstretched wool fibers have a looped structure in which there is an alterna- 
tion of five and seven numbered rings; on the other hand, in stretched wool 
fibers and in silk fibers under all conditions the molecules are stated to 
consist of an essentially linear arrangement of amino acids. 

The present results appear to be definitely inconsistent with the idea of 
(10) Bjerrum, Z. physih. Chem , 104, 147 (1923). 
(11) Ebert, ibid , 121, 385 (1926). 
(12) Wyman, J. Biol. Chem., 90, 443 (1931). 
(13) Notable in this connection are observations of Svedberg that the majority of protein molecules 

subjected to a strong centrifugal force settle in accordance with Stokes' formula for spheres. See 
T. Svedberg, various papers since 1926 in Tms JOURNAL. 

(14) Astbury and Woods, Nature, 126, 913 (1930). 
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bending or ring formation in the case of the molecules studied in solution. 
The steady increase of electric moment with the length of chain separating 
the oppositely charged groups, which has been so clearly shown and which 
is taken as a strong argument in favor of the zwitter ion hypothesis, could 
only be expected and can indeed only be accounted for on the assumption of 
straight, rod-like molecules. If there were any considerable bending of the 
molecules, the carboxyl and amino groups would actually be expected to 
approach nearer together as the 
length of the chain is increased. 
For example, on the basis of the 
structure attributed by Astbury 70 

and Woods to the molecules of 
unstretched wool fibers the mo- 60 

ment of glycylglycine should 
actually be less than that of gly- 50 

cine itself (in fact, about half). 
In regard to the question of G 40 

the rod-like form of the mole- 
cules it is of interest to consider 30 
exactly how far 6 is in fact pro- 
portional to the distance be- 20 
tween the oppositely charged 
groups in the zwitter ion, assum- 

10 
ing the ion to be straight. This 
is illustrated by the two accom- 
panying figures. In Fig. 1 val- 0 

0 1 2 3  4 5 6  
ues of 6 for the amino acids stud- s. 
ied are plotted against this dis- Fig. 1. 
tance, expressed in terms of the 
number of carbon atoms (n). In Fig. 2 values of 6 for the peptide series, 
including glycine itself, are plotted against the number of glycine units 
( N )  in the molecule. 

VII. Results on Glycine in Alcohol-Water Mixtures 

On the basis of a consideration of dissociation constants in alcohol, 
Ebertl' has estimated that the formation of zwitter ions must be greatly 
reduced in this solvent. In regard to this point, it is of interest, therefore, 
to consider the data on the dielectric constant of solutions of glycine in 
ethyl alcohol-water mixtures. The data were obtained by the authors 
using the same method employed for aqueous solutions. Owing to the 
decrease of solubility of glycine with increasing concentration of alcohol, 
the measurements were not extended beyond 60% alcohol. The results 
are given in Table 111. 



TABLE I11 
Per cent. alcohol 6 

0 .0,  60 = 78.54 22.58 
20.0, 60 = 69.96 22.47 
40.0, eo = 59.69 21.67 
60.0, eo = 47.88 20.56 

These figures show a surprisingly small change of 6 with change of the 
percentage alcohol in the solvent, which would indicate that, even in the 

0 1 2 3 4 5 6 7 
N. 

Fig. 2. 

case of 60% alcohol, the zwitter ion predominates. It must not be over- 
looked, however, that since estimates of the ratio of zwitter ions to un- 
ionized molecules is of the order 1000 to 1, or 10,000 to 1, a many-fold 
change in the ratio would still leave the zwitter ion predominant. 

VIII. Summary 
Measurements of the dielectric constant of a variety of amino acids of the 

a, 8, 7 and e types and of five peptides of glycine, in aqueous solution, 
afford additional evidence in favor of the zwitter ion hypothesis. The 
results indicate that all the molecules studied are rod-like structures with- 
out tendency to bending or formation of rings. Measurements of solutions 
of glycine in alcohol-water mixtures indicate that in these cases too the 
zwitter ions are predominant. 

CAMBRIDGE AND BOSTON, MASSACHUSETTS RECEIVED AUGUST 9, 1932 
PUBLISHED MARCH 7. 1933 
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[FROM THE DEPARTMENT OF ZO~LOGY, HARVARD UNIVERSITY, AND TBB DEPARTXENT 
OF PHYSICAL CHEMISTRY IN THE LABORATORIES OF PHYSIOLOGY. HARVARD MEDICAL 

SCIXOOLI 

The Dipole Moments of Esters of Amino Acids and Peptides 

I. Introduction 

In the preceding paper in THIS JOURNAL it was pointed out that quali- 
tative estimates of the electric moments of amino acids and peptides, in 
solution in water and alcohol-water mixtures afford strong evidence that 
these substances exist in the form of zwitter ions: (a) the moments are all 
abnormally large; (b) they are the same for all amino acids of a given type; 
(c) they show a linear increase with the Iength of chain separating the 
acid and basic groups in the molecule. 

The argument just outlined, however, convincing as it is, leaves out of 
consideration the possibility of these effects being explained in terms of 
electric moments inherent in the un-ionized molecules. For example, in 
regard to the first point, it is not certain that the undissociated amino acids 
and peptides are not themselves sufficiently polar to account directly for 
the high values of the electric moment observed. In regard to the last 
point, it is not wholly clear that the differences of electric moment between 
the various types of amino acids may not be due to the diiTerent orientation 
of certain groups, or that the greater moments of the larger peptides may 
not be due to the greater size of the molecules. It was in order to investi- 
gate these possibilities and to place the argument on a more secure basis 
that the present investigation was undertaken. This comprises an exact 
determination of the electric moments, in the un-ionized condition, of as 
many of the compounds previously studied in water and alcohol-water 
mixtures as was possible. The results however have a certain independent 
interest in themselves. 

IIa. Choice of Materials 

The ideal procedure would have been to dissolve each of the substances 
in some non-polar solvent, such as benzene, in which the formation of 
zwitter ions would undoubtedly be suppressed and in which alone it is 
possible to make quantitative measurements of moments in accordance 
with the theory developed by Debye.' Unfortunately, however, none of 
the ampholytes in question are appreciably soluble in any of the non-polar 
solvents, no doubt for the very reason that ionization cannot take place. 
In view of this difficulty, it was decided to study the esters, many of which 
are readily soluble in benzene. In particular, the ethyl esters were selected 
in preference to the methyl ones, as being more stable. 

Ample justification for applying the values obtained for the moments 
(1) Debye, "Polar Molecules," Chemical Catalog Company, Inc., New York. 1929. 



of the esters to the acids themselves is to be found in the well-known 
generalization that the substitution of a hydrogen atom by a methyl or 
ethyl group has very little effect on the moment of the molecule in~olved .~  

Unfortunately, even by using this procedure, i t  was not possible to study 
all the materials in question. Although the esters of the amino acids 
themselves are readily soluble in benzene, i t  was found that the esters of the 
peptides were very insoluble, to an extent increasing with the number of 
glycine units in the molecule. For this reason, it was only possible to study 
one of the peptides, glycylglycine, and even this was only sufficiently 
soluble for measurement a t  50'. Another difficulty was encountered in 
the case of the ester of y-aminovaleric acid, which was found to pass over 
rapidly into the anh~dride.~ The anhydride thus unintentionally ob- 
tained was found to be soluble in benzene and was included among the 
compounds measured. In view of the instability of the ester of y-amino- 
valeric acid no attempt was made to study the esters of any of the 6 or 
e acids. 

A list of the substances investigated, with references to the method of 
preparation, is given in the following section. In addition to observations 
on the boiling points, or melting points, and, in the case of the anhydride, 
analytical data on the nitrogen content, determined by the Kjeldahl 
method, this list also gives values of the density p and index of refraction n, 
both at  2 5 O .  The density was measured with a pycnometer. In the case 
of the esters of glycine, a-alanine and 8-alanine, the index of refraction 
was determined for red light with an AbbC refractometer made by Bausch 
and Lomb; in all other cases, for sodium light with a Pulfrich-Zeiss instru- 
ment. In the case of the ester of glycylglycine, which melts a t  8 6 O ,  these 
data on the density and index of refraction are lacking. 

IIb. Preparation of Materials 

All a-amino acids used as starting materials in the preparation of the 
esters were obtained from the Eastman Kodak Company. They were 
recrystallized from alcohol-water mixtures before using. 

Glycine Ethyl Ester.-Glycine ethyl ester was made by the well-known Fischer4 

method of preparing esters of amino acids; boiling point 43-44' at 12 mm. pressure; 
p = 1.0169; n = 1.4213. 

(2) This is illustrated by the following data taken from the appendices to Smyth, "Dielectric Con- 
stant and Molecular Structure," Chemical Catalog Co., Inc., New York, 1931. 

Substance 
Acetic acid 
Methyl acetate 
Ethyl acetate 
Propionic acid 
Ethyl propionate 

Moment (e. s. u. 10-18) 
1.73 
1.75 
1.81 
1.74 
1.79 

(3) This is not surprising since the usual method of preparation of the anhydride is through the 
ester as an intermediate stage. 

(4) Pischer, Bcr., 34, 433 (1901); 34, 2868 (1901). 



March, 1933 DIPOLE MOMENTS OF ESTERS OF AMINO Aems 917 

a-Alanine Ethyl Ester.--a-Alanine ethyl ester was prepared by the method of 
Fischer; boiling point 48-52' a t  12 mm. pressure; p = 0.9722; n = 1.4155. 

a-Anninobutyric Acid Ethyl Ester.-This ester was also prepared by the method of 
Fischer;"oiling point 60-62' a t  12 mm. pressure; p = 0.9533; n = 1.42070. 

a-Arninovaleric Acid Ester.-This compound was prepared by the method of 
Slimmer;6 boiling point 73-75' a t  12 mm. pressure; p = 0.9377; n = 1.4241. 

a-VaPine Ethyl Ester.-The method of Slimmer6 was used to prepare this com- 
pound; boiling point 66-70' a t  12 mm. pressure; p = 0.9390; n = 1.4267. 

a-Aminocaproic Acid Ethyl Ester.-The method of Fischer4 was used to prepare 
this compound; boiling point 91-92O at  12 mm. pressure; p = 0.9246; n = 1.42829. 

I-Leucine Ethyl Ester.-Fischer's4 ~ e t h e d  was used to prepare this compound; 
boiling point 82-84' a t  12 mm. pressure; p = 0.9215; n = 1.42655. 

8-Alanine Ethyl Ester.-The method of S. Hoogewerff and van DorpB was used to  
prepare this substance; boiling point 56-58' at 12 mm. pressure; p =; 0.9892; n = 
1.4250. 

B-Amiiobutyric Acid Ethyl Ester.-The method of Fischer and Groh7 was followed 
in the preparation of this compound; boiling point 60-62O a t  12 mm. pressure; p = 
0.9409; n = 1.4221. 

Glutamic Acid Diethyl Ester.-This compound was prepared by the method of 
F i~cher ;~  boiling point 140-142 ' at  12 mm. pressure; p = 1.0620; n = 1.44045. 

Glycylglycine Ethyl Ester.--Fischer's4 method was used to prepare this substance; 
melting point 86 " (uncorrected). 

Anhydride of y-Aminovaleric Acid.-The method of Tafe18 was used to prepare 
this substance; boiling point 132-135' a t  12 mrn, pressure; nitrogen, found 14.20%; 
calcd. 14.14%; p = 1.0288; n = 1.4695. 

IIc. Determination of Electric Moments 
The values of the electric moments were calculated from data a t  a single 

temperature in dilute solutions in benzene in the usual way. This pro- 
cedure involves a knowledge of the total and optical polarizations, PI and 
Plo, of the solute at  a variety of concentrations. From the value of PI - 
Plo extrapolated to zero concentration the electric moment is calculated 
from the expression 

where T is the absolute temperature.l 
The determination of PI requires the direct measurement of the density 

and dielectric constant of the solution, together with a knowledge of its 
composition. For this purpose the values of the density were measured 
with a chainomatic immersion densitometer, which greatly facilitated the 
measurements, particularly at  high and low temperatures. The accuracy 
of the determinations was between 0.02 and 0.03%, and, although this is 
much less than that attainable with a pycnometer, the errors were well 
below those involved in measurements of the dielectric constant and were 
not significant. 

(5) Slimmer, Be?., 36, 400 (1902). 
(6) Hoogewerff and van Dorp, RCG. tralr. cham., 10, 4 (1891). 
(7) Fischer and Groh, Ann. Chem. Pharm , 383, 363 (1911) 
(8) Tafel, Bcr., 19, 2414 (1886). 
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(9) Wyman, Phys. Rm., 35, 823 (1930). 

The method employed for the determination of the dielectric constant 
was the same as in the study of solutions of the free acids and peptides 
described in the previous paper.g Owing, however, to the much lower 
values of the dielectric constant of the benzene solutions, it was necessary 

to use a far larger resonator in order to 
keep the resonance points within the 

,;L 

frequency range of the oscillator (lower 
wave length limit about 2.2 meters). 
This introduced a problem in regard to 
the amount of solution required, for it 
is essential to the method that the reso- 
nator be immersed in a volume of ma- 

? 
/---- terial sufficient to include sensibly its 

entire electric field. In order to reduce 
this volume as far as possible a special 
type of resonator was constructed having 
a minimum stray field. This is shown, 
in vertical section, in the accompanying 
figure, together with the glass container 
for the solution and a glass jacket to 
allow the circulation of water to control 
the temperature. This circuit consisted 
of three concentric brass cylinders, the 

A, inner and outer ones being connected 
and forming one plate of a condenser. 
The opposite plate, formed by the middle 
cylinder and separated from the two 
others by a clearance of 0.8 mm., was 
supported rigidly by the single brass loop 
forming the inductance. Small holes 
were appropriately drilled to allow the 
entrance of liquid and the escape of air 
when the resonator was immersed, and 
the whole structure was heavily gold- 
plated to provide a clean surface. This 

Fig. 1. circuit had a resonant wave length of 
4.193 meters in air and of about 6.3 

meters in the benzene solutions (depending on the exact value of the di- 
electric constant). With this arrangement i t  was possible to make absolute 
measurements of the dielectric constant on only 60 cc. of solution. 

Before accepting the results obtainedIwith this resonator, it was necessary 
to investigate the extent of errors due to residual stray lines of force extend- 
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ing out into the glass and surrounding water. Owing to the shielding 
effect of the outer cylinder, these were bound to be small, but at  the high 
frequencies involved there was the possibility of capacity effects along the 
surface of the outer cylinder and across the loop forming the inductance, 
which might be expected to spread out into the surrounding media to an 
appreciable extent. To ascertain the magnitude of these, determinations 
were made of the resonant wave length of the circuit under the following 
conditions: (a) suspended freely in air; (b) in the bottle filled with air 
and standing on the table; (c) in the bottle filled with air and jacketed 
with water. The values obtained in the first two cases were indistinguish- 
able. The value obtained in the last case was 0.17% higher. When 
benzene was substituted for air the resonant wave length determined 
according to conditions (c) was 0.13% too high. Since the dielectric 
constant is given by the square of the ratio of the resonant wave length 
in the solution divided by the resonant wave length in air, it is evident that 
these small errors nearly cancel one another and involve a net error of less 
than 0.08% in the dielectric constant. Since this is scarcely more than 
the random errors involved in the measurements, no attempt has been 
made to correct for these effects in the following results. 

The values of the optical polarization PIO were for the most part calcu- 
lated from the data on the density and index of refraction of the pure com- 
pounds given above. In the case of glycylglycine, however, owing to the 
high melting point, no attempt was made to measure directly the density 
and refractive index of the pure material. Instead, the optical polarization 
was determined indirectly from the density and index of refraction of the 
benzene solutions, together with the optical polarization of benzene itself, 
in exactly the same way that the total polarization PI is calculated from 
corresponding data on the density and dielectric constant. 

111. Results 

In the case of glycine and 8-alanine the measurements were extended 
over a range of temperature from 5 to 75' in order to test the constancy of 
(PI - PIo)T, which is to be expected on theoretical grounds (see Debye 
(1)). The results are given in Table I. 

TABLE I 
Temp., OC. (PI - P I ~ ) T  Temp., OC. (PI - Plo) T 

Glycine Ethyl Ester Alanine Ethyl Ester 

5 28,200 5 29.000 
20 28,000 20 29,500 
30 26,800 30 29,000 
50 27,600 45 28,300 
70 28,100 60 28,000 

75 27,500 



The values of (PI - Plo) T listed in the table were derived by extrapolation 
to infinite dilution from results obtained on dilute solutions. Despite a 
considerable fluctuation, attributable mainly to difficulties of temperature 
control a t  the upper and lower limits, i t  is clear that the values of (PI - 
Plo)T show no systematic variation with temperature. In this respect 
these esters are like the majority of other substances which have been 
studied and behave in accordance with the standard theory. 

The results of the entire investigation are summarized in Table 11. 
This contains the following data for each of the esters: the optical polari- 
zation P1o; values of (PI - P1o)T tabulated against mole fraction of the 
ester; the limiting value of (PI - Plo)T, extrapolated to infinite dilution, 
given in parentheses; the corresponding dipole moment p ; the temperature 
a t  which the measurements were made. 

TABLE I1 
Temp., Mole (PI - 

Ester OC. Plo fraction PIO) T 

Glycine ethyl ester 5-75 25.73 0.0175 27,600 
,00882 27,700 

( .OOOOO) (27,700) 

a-Alanine ethyl ester 25 30 20 .0530 29,000 
.0422 29,000 
.0294 29,100 

a-Aminobutyric acid ethyl 25 34.90 .0778 24.000 
ester .0530 26,600 

.0350 28,300 

.0208 29,600 

a-Aminovaleric acid ethyl 25 39.50 .03577 27,600 
ester .02665 28,100 

.01853 28,300 

Ethyl ester of a-amino- 25 39.66 .02968 28,400 
valine .02065 28,200 

a-Aminocnproic acid ethyl 25 44.31 .03223 27,000 
ester .02563 27,100 

.02041 27.500 

.01627 28,000 

8-Alanine ethyl ester 5-75 30.27 .0264 29,100 
.00757 28,700 

0-Aminohutyric acid ethyl 25 35.42 .0397 25,900 
ester .027 26,300 

.01644 27,200 
Leucine ethyl ester 25 44 37 .0377 25,100 

,0280 25,600 
.0196 25,800 

Diethyl ester of glutamic 25 50.54 .03924 38,900 
acid in CdHa .03113 39,600 

.02314 39,800 
,01374 39,000 

Ethyl ester of glycylglyciue 50 42.6 .01763 65,600 
.01405 66,800 
.01120 67,100 

Anhydride of y-amino- 25 26.87 .05542 28,600 
valeric acid .04189 30,000 

.02930 31,810 

.01464 38.100 

Mole 
fraction 

Dipole 
moment, B 

2.11 X 10-ta 



IV. Discussion 
So far as the authors are aware, there have been no previous determina- 

tions of the moments given in this table. I t  is of interest however to 
compare them with Esterrnann'sl0 values of 1.4 X 10-lS and 2.7 X 10-Is 
for the methyl esters of a- and 6-aminovaleric acids, respectively. The 
discrepancy between the former of these and the authors' value of 2.13 
for the ethyl compound is far too great to attribute to the difference be- 
tween the ethyl and methyl groups, and no other explanation suggests 
itself. In regard to the latter result, it appears possible that in reality the 
ester had passed over spontaneously into the anhydride before the measure- 
ment was made, as in the case of the y-acid studied by the authors. In 
fact their value of 2.62 X 10-l8 for the moment of the anhydride of y- 
valeric acid is close to Estermann's figure of 2.7 X 10-l8 for what he sup- 
posed to be free &amino form. 

None of the moments listed in Table I1 are large, and it appears reason- 
ably certain that the high values of the dielectric constant of the aqueous 
solutions of the free acids must depend on the effect of the zwitter ions. 
Further support in favor of this view may be drawn from the moments of 
the methyl esters of rn and p aminobenzoic acids, reported by Estermannl0 
as 2.4 and 3.3 X 10-18, respectively. Although both of these are greater 
than the moments of glycine and most other amino acids listed above, the 
free acids form aqueous solutions of dielectric constant less than that of 
water. This is, of course, readily intelligible in terms of the zwitter ion 
theory when it is recalled that calculations based on dissociation constants 
indicate that the aminobenzoic acids dissolved in water do not exist mainly 
in the ionized form.ll 

Another strong argument in favor of the zwitter ion hypothesis, which 
provides an answer to one of the objections raised at the outset of this 
paper, is the close agreement between the moments of the esters of the 
and acids, in marked contrast to the behavior of the free acids in aqueous 
solution. The slightly lower moment of the leucine ester was a t  first 
attributed to the branched structure of the molecule but this appears 
unlikely in view of the results on valine which also has a branched chain. 
I t  is in any case relatively unimportant. The large moment of the ester of 
glutamic acid is undoubtedly due to the presence of two carboxyl groups. 

Another objection referred to in the introduction, namely, that the 
progressive itlcrease in the electric moments of the peptides of glycine in 
aqueous solution with the size of the moIecule might be due to the greater 
inherent moments of the larger molecules, associated with the possession of 

(10) Estermann, Z. physik. Chem., 81, 134 (1928). 
(11) Bjerrum, ibid., 104, 147 (1923). Similar considerations might be advanced in regard to glycyl- 

glycine and glycylgIycine anhydride. Although data on the moment of the anhydride are lacking, it 
may be assumed by analogy with the anhydride of y-aminovaleric acid that this is greater than in the 
case of the peptide itself. Nevertheless, solutions of glycylglycine have dielectric constants greater 
than water, those of the anhydride, less [see Devoto, Gaze. chim. ital., 61, 897 (193211. 



a greater number of polar groups, rather than to the formation of zwitter 
ions, is not conclusively answered by the present results. Nevertheless, 
in a general way they are against it. The moment obtained for the ester 
of glycylglycine is only half again as great as that of the ester of glycine 
itself. On the other hand, in contrast to this, the data on the dielectric 
constant indicated that the electric moments of the peptides in aqueous 
solution were directly proportional to the number of glycine units in the 
molecule, as if due to the formation of zwitter ions. It is unfortunate that 
their great insolubility in non-polar solvents makes it impossible to measure 
the moments of the esters of the higher peptides. 

V. Summary 
Highly approximate values of the electric moments of amino acids and 

peptides have been obtained from measurements on solutions of the esters 
in benzene. An analysis of these results furnishes additional support for 
the zwitter ion hypothesis. 

[CONTRIBUTION FROM THE LABORATORY OF PHYSICAL CHEMISTRY, UNIVERSITY OF 
WISCONSIN] 

Kinetics of the Unimolecular Dissociation of Gaseous Ethyl 
Bromide1 

A search for unimolecular reactions has been in progress in this Labora- 
tory for several years. Another communication2 describes the thermal 
decomposition of several organic compounds and, of these, the dissociation 
of ethyl bromide was selected as the reaction most promising from a theo- 
retical standpoint. It has been subjected to further intensive study as 
described in this article. 

In  the first investigation2 it  was established, experimentally, that the 
reaction is 

CzHsBr c-L CzHd + HBr 

and various ways of calculating the rate of dissociation were discussed. 
The course of the reaction was followed in both researches by measuring the 
pressure as a function of time, using glass diaphragmsa and all-glass or all- 
quartz vessels, totally immersed in a lead bath. In the present investiga- 
tion the measurements were carried to lower pressures for the purpose of 
testing recent theories of unimolecular reactions and an improved method 

(1) Further details of this investigation may be obtained from the Ph.D. thesis of Elvin 1, Vernon 
filed in the Library of the University of Wisconsin in June, 1932. 

(2) Lessig, J. Phys. Chem., 36, 2325 (1932). 
(3) Daniels, THIS JOURNAL, 60, 1115 (1928). 
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of calculation was used, The accuracy was increased by a thermostatic 
control, using a photoelectric cell, and by carefully testing for minute leaks 
before each determination. 

Experimental Procedure 
The thermostat consisted of an insulated iron box containing well-stirred, molten 

lead.' Considerable elasticity in the arrangement of heaters was necessary in order to 
insure fine temperature control 
over a wide range and to elimi- 
nate wasted heat in exteraa! re- 
sistances. Only a small amount 
of current passed through the 
intermittent heater, the main 800 
heating being produced by vari- 
ous series and parallel combina- 
tions of seven independent coils 
controlled by twelve switches 500 
Each unit comprised 16 ohms 
in the form of a helix of No. 18 
nichrome wire wound around 
the inside of the "transite" box 
and covered with "alundum" $ 400 
cement. With this arrange- -3 
ment, twenty-three different 
switch combinations were used $ 
to give graded inputs of energy 8 300 
ranging from 112 to 1300 watts 
with a minimum current (never 
exceeding 4.5 amp.) through 
any one heater. 

The temperature was de- 200 
termined and maintained con- 
stant with a platinum resist- 
ance thermometer and preci- 
sion bridge. A photoelectric 
cell was set behind a narrow slit 
a t  the zero point of the galvan- 
ometer. A beam of light from 
a 500-watt projection lamp was 0 
reflected galvanometer from and the mirror passed of back the I o 0 0  0 50 Time in minutes. 100 150 200 

and forth across the cell as the Fig. 1.-High pressure, 395O. 
temperature of the bath rose 
and fell. I t  controlled the intermittent heater through a two-stage amplser (71A and 
01A tubes) and a sensitive relay which operated a special switch. This switch was de- 
signed to offset the time lag in the controlling apparatus by closing the heating circuit 
only on alternate excitations I t  was arranged with a spring contact pressing against a 
brass tilting arm which was snapped back and forth with each pull of the relay armature. 
Careful balanci~ig with springs and a counterpoise was necessary. One side of the tilting 
arm had an insert of hard rubber which interrupted the heating circuit. As the thermo- 
stat heated up and the galvanometer beam reached the zero point the armature of the 



relay snapped the arm over to the non-conducting side and turned off the heating current. 
As it swung past the cell, the armature was released but  the contact point still remained 
on the insulated side of the arm. As the bath cooled the galvanometer beam swung back 
to the photoelectric cell, thereby pulling the armature and snapping the switch to  the 
conducting side and starting the intermittent heater. When it passed beyond the cell, on 
the opposite side, the armature was released but the switch was still on the conducting 
arm. The current remained on until the galvanometer beam swung across the photo- 

electric cell the third (and fifth, 
seventh, etc.) time. Tempera- 
ture plotted against time gave 
a curve similar to  a sine wave 
but after the control was in 

175 operation for half an hour the 
total fluctuation was less than 
0.3". The large cooling effect 
produced by placing a cold 

150 body in the bath was nearly 
eliminated by introducing the 
object a t  a time when the 
heating current had just been 
turned off. 6 100 The flasks and tubes were 

FI .- thoroughly cleaned and ren- 
aJ c dered free from carbon by heat- 
2 
V1 

ing to  redness when filled with 

f 75 oxygen or by boiling with fum- 
ing nitric acid and rinsing with 
distilled water After cleaning 
and testing for leaks the 250-cc. 
Pyrex flask was lowered into 

50 position in the lead bath and 
the zero point of the diaphragm 
was taken. It was then raised 
into the cavity above the bath 

26 and the side arm was drawn 
down. The liquid ethyl brom- 
ide was previously sealed off 
under vacuum in a small bulb 

0 provided with a capillary tube. 
0 50 100 150 200 A short T-tube with rubber 

Time in minutes. connections was so arranged 

Fig. 2.-Low pressure, 395'. that the flask could be evacu- 
ated while the capillary from 

the bulb extended well into the side arm of the flask. A wad of asbestos fibers in the 
connection to the vacuum line filtered out any particles that  might be swept into the  flask. 
The flask and newly made connections were tested for leaks with the Tesla coil and when 
the vacuum was satisfactory the vacuum line was closed off and the tip of the capillary 
broken. The liquid vaporized a t  once, the side arm was sealed off and the vessel lowered 
immediately into position in the lead bath. Pressure readings were then taken. At the 
end of an experiment the vessel was removed, a rubber tube was placed over the sealed- 
off tip of the  side arm and connected to the vacuum pump. Thus when the flask was 
opened there was no sudden inward pressure to  break the sensitive diaphragm. 
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The zero point changed with temperature in a specific manner for each diaphragm. 
In a typical case a zero point of 39 mm. was obtained (i. e., the manometer side of the 
diaphragm required 39 mm. more air pressure than the vessel side in order to make 
electrical contact) a t  395 O .  At 300 the zero point was 52 and when reimmersed in the 
lead bath a t  395' the zero point returned to 39 mm., within one and a half minutes 
A newly made diaphragm usually showed a slow drift for the first hour in the thermostat 
but then remained constant for the rest of its life. When the flask was sealed on with 
83 mm. of air and immersed in the bath, about five minutes was required to reach a con- 
stant pressure with thermal equilibrium in both vessel and lead bath. The first minute 
and a half was further complicated with changes in the zero point. 

I t  was foundZ that impurities seriously affected the rate of dissociatior, ar,d so the 
final measurements, including all those reported here, were made with ethyl bromide 
purified in the laboratory of Professor Timrnermans4 a t  Brussels. 

0 50 100 150 200 
Time in minutes. 

Fig. 3.-High pressure, 395', 400°, 405", 410°, 420" 

Tests 
I t  was necessary to exclude every trace of air because oxygen greatly accelerates 

the decomposition. In  one case 10 mm. of air nearly doubled the rate and in another 
(4) Timmermans and Martin. J chim. phys., 23, 768 (1926). A few purified organic liquids from 

Professor Timmermans' laboratorv mav be obtained through the U. S.  Bureau of Standards. 



case 2 mm. of air had no additional effect on the final pressure but increased the rate 
markedly. Parallel experiments at  395" with an empty Pyrex flask and with the same 
vessel containing a considerable quantity of powdered Pyrex glass gave unimolecular 
constants of 5.90 X and 5.88 X respectively. The close agreement shows 
that the large excess of glass surface does not affect the reaction rate The reverse re- 
action, the combination of ethylene and hydrobromic acid, had apparently become 
homogeneous, also, at  this temperature, for in both cases the constants (calculated as 
shown later) are approximately 3 X loT7 set.-l. 

It was necessary to have the reaction vessels scrupulously cleaned as already de- 
scribed. If a vessel is allowed to stand in the thermostat for several hours after the 
reaction is finished, a film of carbon can be seen on the vessel walls. Presumably this 
film is caused by the decomposition of ethylene into carbon and hydrogen. In all the 
experiments recorded here the reaction vessel was thoroughly cleaned at  the beginning 
of an experiment and this effect did not start until after the reaction was practically 
complete. In slow reactions a t  low temperatures, however, this secondary reaction was 
sometimes appreciable, but the final pressure was not required in the calculations. 
When a vessel was not cleaned and a film of carbon from a previous experiment was 
present, a sudden rise of perhaps 10 mm. in ten minutes was noted after the pressure had 
nearly reached a stationary value and the curve was nearly flat. Adsorption of gas by 
the original carbon film and dissociation of one molecule of ethylene into two molecules 
of hydrogen and solid carbon were probably involved. 

Experimental Results 

The experimental data are shown in Figs. 1-3 and in Table I. 

Expt. 

62 
53 
61 
60 
50 
40 
55 
52 

Temperature 395 " a t  minutes 
10 15 20 40 

115 127 138 164 
207 224 239 271 
269 294 317 367 
400 421 469 542 
18.2 19.4 20.6 25.4 
24.2 25.2 27.0 35.6 
59.5 63.8 67.5 80.4 
93.3 99.6 105.9 127.6 

Temperature 405O 

94.1 100 125 142 155 172 174 
234.3 293 347 381 404 445 452 458 
364 438 521 581 609 664 674 683 
18-18.5 19.8 21.6 23.5 27.5 27.8 
40 49.7 57.2 62.8 67.7 75.2 76.7 
67.1 77.5 90.3 100.4 108.6 118.8 119.9 

Temperature 420 

12.5-13 14.2 17.9 19.3 20.0 20.1 
34 41.7 51.7 55.4 56.9 57.6 
57.5 72.5 87.3 93.1 96.8 98.8 
89 116.7 140.3 156.0 162.7 168.1 
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Calculations 

The following terms are used in the calculations: pi = initial pressure, 
pf = final pressure, pt = pressure at  any time, t, in minutes, a = initial 
concentration of ethyl bromide proportional to Pi, and x = pt - pi = 

amount of ethyl bromide decomposed in time t. fif - pt would give the 
partial pressure of ethyl bromide at  any time if the reverse reaction was 
negligible and the final pressure was exactly twice the initial pressure. 

2Pi - pr = #E~B=.  Pf - Pi = PEBZ = PcSar. 
Fig. 4.-Pressure relations a t  equilibrium. 

From Fig. 4 it is evident that at  equilibrium 2pi - A = PC,HsBt and pf - 
pi = P H B ~  = kl = rate constant for the reaction C2H5Br --+ CzH4 + 
HBr, kz = rate constant for the reverse reaction C2H4 $ HBr -+ CzH5Br. 

kl f l c r ~ ,  P H B ~  = (M, K = equilibrium constant = = 
P C Z H ~ B ~  2Pi - Pf  

When log (pf - pt) was plotted against t, i t  was shown2 that excellent 
straight lines are obtained out to nearly 90% dissociation. Some of the 
data of the present investigation are plotted in this way in the dotted lines 
of Fig. 5. Ordinarily these straight lines would be taken as proof that  the 
reaction is of the first order and that k1 is equal to the slope of the line 
multiplied by 2.303. As shown before2 the rate constants calculated in 
this manner are too high by about 20% and they show an abnormal de- 
pendence on pressure because they do not allow for the reverse reaction. 

Allowing for the reverse reaction, which is bimolecular, the differential 
equation is 

and integrating and evaluating the integration constant by setting x = 0 
when t = 0 
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K can be calculated from the initial and final pressures as shown and 
theoretically this method should be entirely satisfactory. Practically, 
however, the use of K is uncertain a t  low pressures and the accuracy is low 
because slight errors in finding pi by extrapolation prevent exact calculation 
of K. Equation (2) is extremely sensitive to slight variations in pi. 

A more accurate method 
was devised in which the 
slope 

dp/dt  = d(Pt  - pl)  = d,/dj 
dt 

2.0 of the pressure-time curves 

(Figs. 1-3) was measured 
graphically a t  several dif- 

r; ferent times and the true 8 values of kl and kz solved 
0" 
'C1 

by least  squares in  the  
equation 

8 .- u 1 dx - - =  x 2 

1 k1 - kz - 
+ a - x d t  a - x  
8 3 1.0 

(3) 

u This method is quite satis- 
M factory except at  high tem- 
3 peratures or very low pres- 

sures where the curve be- 
comes too flat to permit an 
accurate determination of 
dp/dt. It gives also a 
check on the accuracy of 
the extrapolated value of 

0.0 fii since the  reverse re- 
0 50 action rate kz is very sensi- 

0 50 tive to slight changes in 
Time in minutes. the initial pressure while 

Fig 5.-Graphs showing first order reaction: full line, k1 is comparatively insensi- 
log (2pi - pt); broken line, log (fir - p,). 

tive under the conditions 
of these experiments. When the value of the initial pressure is taken too 
low kz becomes negative and since a negative value is physically absurd, a 
lower limit to the extrapolated value is thus obtained. 

A fourth method for calculating kl consists in measuring the slope of the 
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straight portion of the graph in which log (2pi - f i t )  is plotted against t. 
This method is based on the assumption that the reverse reaction is negli- 
gible at first and that the reaction starts as if it were going to a final pressure 
equal to twice the initial pressure. Toward the end of the dissociation a 
large error is produced by assuming that the final pressure is twice the 
initial pressure. This method does not involve the use of pf.  In Fig. 5 
it is seen that the steeper lines log (p f  - fit) fit the experimental points 
excellently well but in spite of this fact the less steep lines log (2pi - p,) 
are more nearly correct even though the points deviate greatly from a 
straight line in the latter half of the reaction. This fourth method is less 
accurate than the third, based on the dserential method, but i t  can be 
used in cases where equation (3) cannot be used, and it is much simpler. 

A comparison of the results obtained with the four different methods is 
shown in Table I1 for three different experiments to which all the methods 
could be easily applied. 

k X lo4 sec.-1 (395') 
I I1 I11 IV 

Expl f i  Pf ln(pr - pt) us. t Eq. (2) Eq. (3) ln(2pi - pt) vs.t  

53 162 303.3 6.75 4.3 5.82 5.70 
52 83 153.2 6.18 4.0 5.33 5.29 
55 52 95.8 5.08 4.2 4 . ~ 3  4.73 

The close agreement between the independent methods 3 and 4 gives 
confidence in their validity. 

In Table I11 are given the results of three groups of experiments at  
different temperatures over a fairly wide pressure range calculated by 

9, 
Expt mm k X 104 k / k m  

60 309 5 98 1 010 
h l  212 5 88 0 994 
59 203 5 90 996 
53 162 5 70 .962 
36 123 5 60 946 
58 116 5 82 984 
62 98 5 66 956 
52 83 5 29 .893 
54 57 5 4 87 822 
55 52 4 73 799 
56 37 4 4 20 710 
40 24 1 3 50 592 
48 21 7 3 28 551 
50 17 5 2 76 465 

Pi 
E x p t .  mm. 
81 364 
73 234.3 
72 139 
80 94.1 
87 67.1 
83 41.7 
74 40 

76 21.7 

Pi 
E x p t .  mm. 
67 308 
64 89 
70 63 
63 57.5 
69 45 
68 34 
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method IV or method 111. The specific reaction rate k refers to kl ,  the 
corrected forward reaction expressed in set.-l, and k ,  refers to the average 
of the high pressure values of k ,  where k is independent of the pressure. 

1.0 1.5 2.0 2.5 3.0 
Log pi. 

Fig. 6.-Influence of pressure on specific rate, k. 

In Fig. 6 log (k X lo4) is plotted against log fii. For higher pressures the 
rate is independent of pressure. No falling off is observed down to initial 

pressures in the neighborhood of 125 
mm. At 90 mm. and below, the de- 
crease in k is noticeable. With this 
decrease there is also a tendency for 
the reaction to follow the second 
order equation rather than the first 
order. In Fig. 7 the reciprocal of 
the concentration of ethyl bromide 
(1/(2fii - fit)) is plotted against time 
for the first third of the reaction in 
the case of a few experiments in 
which pi is about 35 mm. Under 
these conditions where the reaction 
is not complicated by the reverse re- 
action and where the pressure is well 

0 10 20 30 40 below the first order region the 
Time in minutes. straight lines show that the second- 

Fig. 7.--Gra~hs at low pressure (35 mm.1 order formula is being followed. 
showing second order reaction: reciprocal 
of concentration vs. time. The influence of temperature on 

the normal dissociation rate at  high 
pressures is shown in curve I of Fig. 8 where log km X lo4 is plotted 
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against 1/T. The slope of this straight line, obtained by the method of 
least squares, gives a heat of activation E of 54,800 calories per mole 

From this value is calculated 
the value of s in the equation 

k, = se-E/RT ( 4 )  - 
as shown in Table IV. 0, 

X 
These facts are summarized , 1.0 

by the equation M 

k ,  = 3.85 X 1014 e-64.800/RT (5j 
S 

or 0 
In k ,  = 33.58 - 54,80O/RT (6) 1.440 1.465 1.490 

Curve I1 in Fig. 8 represents the ( I / T )  x lo3.  
Fig. 8.-Influence of temperature on specific 

data at low pressures (pi = 35 rate: log k vs. 1 / T ;  I, high pressure; 11, low 
mm.) and the slope of this line pressure (35 mm), 
gives a heat of activation of 
43,000 calories per mole for the low pressure or second order region. 

Theoretical Discussion 

The values of E and s just given are of the same magnitude as those 
obtained for the other fifteen unimolecular reactions already known.6 
The value of E/RT for a given value of k falls in line with the approximately 
constant value found in many of the unimolecular reactions. 

The theoretical treatment of unimolecular reactions and the falling off of 
the rate constant k a t  low pressures has been fully covered el~ewhere.~ 
Collision theories offer the best explanation of unimolecular reactions. 
The collision theories known as Theory Theory 118 and Theory 1119 

have been widely discussed and it is worth while to test them with the data 
of the present investigation. 

According to Theory I the chance of an activated molecule decomposing 
does not depend on the excess of energy over the critical energy €0 and it 
does not depend on the location of the energy within the molecule. The 
specific decomposition rate a t  any pressure is given by equation (7) 

. . - ,  
(5) (a) Ramsperger, Chem. Reo., 10, 27 (1932). (b) Kassel, "Kinetics of Homogeneous Gas Reac- 

tions," Chemical Catalog Co., New York, 1932, Chap. X. 
(6) Reference 5b, Chapters V and X. 
(7) Ninshelwood, Proc. Roy. Soc. (London), A113, 230 (1927). 
(8) Rice and Ramsperger, THIS JOURNAL, 49, 1617 (1927). 
(9) Kassel, J. Phys. Chcm., 32, 225 (1928). 
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or 
k 

log - = log PL - log ( p ,  + P I )  
k ,  

( 8 )  

where pl depends on collision frequency and the complexity of the mole- 
cule.1° These equations may be tested by plotting log k / k ,  against log p 
as shown in Fig. 9 for the data a t  395'. The theoretical curve calculated 
from equation (8) is shown by the curved line. The agreement between the 
two is not such as to support Theory I but a definite conclusion is not possi- 
ble because considerable leeway is allowable in shifting the calculated curve. 

1 .O 1.5 2.0 
Log fi. 

Fig. 9.-Test of equation (8). 

In calculating this curve the best value of P1 was found to be about 45 
mm. co was calculated from the equation 

If the molecular diameter is taken as 6 X cm. and P1 is taken as 45, 
n, the number of degrees of freedom, has a value of 21.1° If the diameter 
is taken as 5.5 X lo-* cm. the best value of ?z is 22. UI is the energy of 
activation per molecule calculated by the simple formula of Arrhenius. 
k  is the gas constant per molecule. 

Another test seems to show that Theory I is not adequate. Writing 
equation (7) in the form 

i t  is secn that when I l k  is plotted against l / p i  a straight line should be 
obtained with a slope of Pl/k,  and an intercept of l / k , .  In Fig. 10 the 
points represent the experimental data a t  395O and the line represents the 
theoretical straight line obtained from the above value of Dl. If a value of 
P1 is calculated from the slope of a line passing among the experimental 
points there is even less agreement with Theory I than that indicated in 
Fig. 9. 

In Theory I1 it is assumed that the energy of activation must be localized 
in a particular degree of freedom, n, before the molecule will disrupt and the 

(10) 01 is used as defined by Rice and Ramsperger, THIS JOURNAL, 49, 1621, equation (6) (1027) 
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chance of this localization increases as the ener,T e increases beyond the 
critical value eo. Theory I11 is quite similar except that energy is assumed 
to be localized in a particular bond (2 degrees of freedom). The relative 
merits of Theories I, and 11 and I11 as applied to a specific reaction may 
be judged by comparing the energy of activation at high pressures (in the 
first order region) with 
that at  low pressures (in 
the second order region), l1 

both being calc~llated by 
t he  simple formula of 
Arrhenius. As already 3,0 / 
stated there is a large dif- 7'  
ference in these quantities. 52 
The difference is evident X O 

.u 
also from an inspection of 2 
the slopes of the lines in 2.0 
Figs. 6 and 8. This differ- 
ence shows that Theory I 
is not satisfactory for ex- 
plaining the facts of the 
present investigation but 
that Theories I1 and I11 

0 20 40 
x lo3. 

are in better agreement 
Fig. 10.-Test of equation (10). 

with them. The numeri- 
cal value is such as to favor Theory I11 slightly, but the allowable varia- 
tions in the factors preclude a definite decision between the two. 

A change in the kinetics of a reaction cannot affect the true thermo- 
dynamic equilibrium constant but it is interesting to consider possibilities 
with reference to an apparent equilibrium constant, calculated from partial 
pressures. 

The present investigation offers an unusual opportunity for studying a 
reversible dissociation in which the bimolecular and unimolecular reactions 
proceed simultaneously. The classical equilibrium constant K is ordinarily 
written as 

I t  is shown in this investigation that k1 decreases at low pressures. If kz 
changes in such a manner as to compensate this change in kl the value of K 
will remain constant; but if kz remains constant, K will decrease a t  low 
pressures. In such a case the numerical value of the ratio of the partial 
pressures a t  the right would have to decrease also at low pressures to pre- 
serve the relation indicated by equation (1 1). 

(11) Ramsperger, Chem. Rev., 10, 35 (1932). 
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Summary 

1. The dissociation of gaseous ethyl bromide into ethylene and hydro- 
bromic acid has been determined between 395 and 420" and a t  pressures 
ranging from 12 mm. to 360 mm. I t  is a unimolecular reaction suitable for 
the study of kinetics. 

2. Ethyl bromide was sealed off in glass vessels totally immersed in a 
lead thermostat controlled by a photoelectric cell. The pressure was 
followed through a glass diaphragm. 

3. The influence of traces of air was studied. 
4. The unimolecular dissociation is accompanied by a bimolecular 

recombination. Four different methods for calculating the specific de- 
composition rate k are discussed. 

5. The specific rate k starts to decrease a t  pressures below 100 mm. and 
a t  lower pressures the reaction tends to follow the second order equation. 

6. The data above 100 mm. pressure are well expressed by the formula, 
k = 3-85 X 1014 e-64.800/RT 

7. The data are used to test collision theories of unimolecular reactions. 
They do not agree well with the predictions of Theory I. The temperature 
coefficients a t  high and low pressures suggest a better agreement with 
Theory I11 or 11. 

8. A relay switch is described which operates only on alternate excita- 
tions. 

MADISON, WISCONSIN RECEIVED AUGUST 9, 1932 
PUBLISHED MARCH 7, 1933 

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

The Effect of an Electric Field on the Flame Temperature of 
Combustible Gas Mixtures1 

BY BERNARD LEWIS~ AND C. D. KREUTZ~ 

The effect of an electric field on the flames of a number of combustible 
gases has been reported on by several investigators.* It was found that 
the electric field exerted a marked influence, increasing or decreasing the 
speed of propagation of the flame (depending on experimental conditions), 
seriously deforming and weakening the appearance of the flame, and under 
suitable conditions eventually extinguishing it completely. 

Under a cooperative agreement between the United States Bureau of 
(1)  Published by permission of the Director, U. S. Bureau of Mines. (Not suhject to copyright.) 
(2)  Physical chemist, U .  S. Bureau of Mines, Pittsburgh Experiment Station, Pittsburgh, Pa. 
(3)  Research Fellow, Carnegie Institute of Technology, Pittsburgh, Pa. 
(4)  Malinowski, J. chim. bhys., 21, 469 (1924); Malinowski and Lawrow, Z. physik, 59, 690 

(1930); Bernackyj and Retaniw, Ukr. Physik Abhand., vol. 11, no. 1, p. 9 (1928): F. Haber, Sitzb. 
Prcuss Akad. Wiss. ,  11, 162 (1929); Thornton, Phil. Mag., 9, 260 (1930); Gueuault and Wheeler, 
J .  Chem. Soc., 195 (1931); Lewis, Tnrs JOURNAL, 53, 1304 (1931); Muendel, Thesis, Carnegie Institute 
of Technology, 1931; Malinowski and Lawrow, Phys. Z. Sowjetunion, 2, 52 (1932). 
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Mines, the Carnegie Institute of Technology, and the Mining Advisory 
Board, the present work was undertaken to determine what effect, if any, 
the electric field had on the flame temperature. In all cases investigated 
a lowering of the flame temperature was observed to a more or less degree, 
which depended on the composition of the gas mixture and certain me- 
chanical details described below. 

Method and Procedure 
The sodium line reversal method was used for determining flame temperatures. 

The same apparatus was employed as in previous i~ivestigations.~ The method of ap- 
plying a high direct potential was the same as reported previ~usly.~ 

The burner consisted of 32 porcelain tubes (ca. 3-mm. bore) ciosely packed together 
and cemented gas-tight into the opening of a small brass box 5.5 by 3.5 cm. similar to 
those described in Fig. 2 of the paper by Jones, Lewis, Friauf and Perrott.& To meet 
the requirements of faster or slower burning mixtures, tubes of smaller or larger bore 
could be substituted. The electrodes consisted of two brass plates 6 cm. square con- 
taining a hole 8 mm. in diameter, two-thirds the distance up, through which the light 
beam, essential in the line reversal method, passed. The electrodes were mounted on 
porcelain rods which were attached to the brass box and which were movable up or 
down with respect to the burner tips. Observations could therefore be made z t  different 
heights of the flame, exposing more or less of the latter to the action of the field. The 
electric field was applied across the flame-+. e . ,  in the direction of the light beam. Thus, 
if the flame was distorted by the field it was not displaced from the axis of the light beam. 
To prevent the flame from touching the negative electrode toward which it was pulled 
when the field was applied, this electrode was placed 1.5 cm. farther from the center of 
the group of burner tips than the positive electrode. In this way cooling by contact 
with the electrode was eliminated. The over-all distance between the electrodes was 
6 cm., while the diameter across the burner t3ps was 2.5 cm. Care was taken to ensure 
that the flame did not touch the electrode below the point of observation. Above the 
point of observation the flame sometimes approached the electrode sufficiently close to 
allow thin sparks to pass between it and the flame boundary. Readings were not taken 
under these conditions, but the potential was lowered to avoid this. Temperature read- 
ings with the electric field were sandwiched between readings without the field. The 
potential could be varied up to about 18,000 volts. 

The combustible gases used were Pittsburgh natural gas, ethylene, isobutane and 
butylene mixed with air. Three mixtures were used for each gas, one giving approxi- 
mately a maximum flame temperature (close to theoretical oxygen content), and the 
others rich and lean mixtures. For the first mixture, readings were made a t  intervals 
of 1 cm. from 0.5 em. to 6.5 cm. above the burner tips. For the rich and lean mixtures 
observations were made only at  6.5 cm. Gas samples were collected and analyzed on a 
Bone-Wheeler apparatus. 

Finally some observations were made of the effect of an electric field on a very low- 
temperature and a high-temperature flame of carbon disulfide vapor. 

Results 
A summary of the results is given in Table I and illustrated in Fig. 1. 

The curves in the figure are for the approximately maximum temperature 
mixtures. An effect of less than 9' is ignored. 

(5) Loomis and Perrott, Ind. Eng. Chem., 20, 1004 (1928); Jones, Lewis, Friauf and Perrott, THIS 
JOURNAL, 53, 869 (1931); Jones, Lewis and Seaman, ibid., 53, 3992 (1931); 54, 2166 (1932). 
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I t  is observed that the lowering of the flame temperature increases as 
more of the flame is exposed to the field below the point of observation. 
One would expect, therefore, that the effect would be lessened if the gases 
were exposed to the field for a shorter time. This was found to be the case 
when an ethylene mixture was passed through the burner with a greater 
velocity. A mixture deficient in oxygen was not used for butylene. 

0 2 4 6 0 2 4 6 
Height above burners, centimeters. 

Fig 1 -Effect of electric field on flame temperatures. 

There is a remarkable difference between the effects on rich and lean 
mixtures. In all cases the effect is small for rich mixtures but large for lean 
mixtures. Thus, for example, the temperature lowering for ethylene is 12' 
for a rich and 116' for a lean mixture. 

The authors wish to present the experimental facts but are not disposed 
to discuss the meaning of the results a t  the present stage of progress. 



It was of interest to see whether a low-temperature flame could in any 
way be affected or distorted by the electric field. A stream of carbon di- 
sulfide vapor was passed through the burner. The air necessary for com- 
bustion was picked up after leaving the burner tips. The resulting flame 
had a temperature of the order of 100°. The amount of ionization in such 
a flame is negligible. The flame was unaffected by a high electric field. 
However, a high-temperature flame of carbon disulfide (about 1600- 
1700°), produced by premixing the air in which there is probably a con- 
siderable amount of ionization, was affected as other high-temperature 
flames are. Readings of the temperature-lowering effect of the field in the 
latter flame were unreliable due to inconstancy of the mixture under the 
present arrangement. 

Summary 

The effect of an electric field applied transversely across a flame, on the 
flame temperatures of rich, lean and nearly theoretical mixtures of Pitts- 
burgh natural gas, ethylene, isobutane and butylene in air was investigated 
using the sodium line reversal method for measuring their flame tempera- 
tures. I n  all cases investigated the effect of the field was to reduce the 
flame temperature. This was greatest the slower the gas velocity and the 
greater the length of flame which was exposed to the field before observa- 
tions were made. The greatest effect was found for lean mixtures and the 
smallest for rich mixtures. Thus, for ethylene the temperature lowering 
for a lean mixture was 116O and for a rich mixture 12". 

It was shown that a low-temperature flame of carbon disulfide vapor is 
unaffected by an electric field but that a high-temperature flame of the same 
combustible vapor is deflected toward the negative electrode as are the 
flames of other combustibles. 

PITTSBURGH, PENNSYLVANIA RECEIVED AUGUST 15, 1932 
PUBLISHED MARCH 7,1933 
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, OHIO STATE UNIVERSITY] 

The Absorption Spectra of Cobaltous Compounds. IV. The 
Alkali Oxide-Boric Oxide Glasses 

BY WALLACE R.  BRODE 

A spectroscopic examination of commercial samples of blue cobalt 
glasses shows that their absorption spectra are by no means identical 
(Fig. 1 )  This fact has been noted in the l i t e r a t ~ r e , ~ ~ ~ , ~  but, beyond the 
inference that the constitution of the glass will determine the character- 
istics of the absorption spectra, there are very few specific data on the 
cause of the blue color in cobalt glasses and glazes or the reasons why their 
absorption spectra will give bands with different relative intensities. 

(1) Fedotieff, 2. anorg. allgem. Chem., 134, 87 (1924). 
(2) Zsigmondy, Ann. Physik, 4, 60 (1901). 
(3) Gibson and co-workers, Technologic Papers of the Bur. Standards, No. 148 (1920), Scientific 

Papers of the Bur. Standards, No. 547 (1927). 

Since even the simplest of the 
commercial glasses contain the 
oxides of many elements it was 
felt best to avoid such combina- 
tions and confine the preliminary 
experiments to two component 
systems, in an attempt to deter- ,. 
mine the effective component and 2 
the nature of the cobalt complex " 
t h a t  produced t h e  color. As 3 
might have been predicted the 

two marked component tendency to systems form crystal- had a 
line compounds instead of amor- 
phous glasses. In time it is hoped 2 '-. 
that a large series of basic oxide- Go ' 

,\ 

500 600 700 
acidic oxide glasses can be stud- Wave length, r n ~ .  
ied, including systems with more Fig. 1.-The absorption spectra of four 
than two component compounds typical samples of blue cobalt glasses. The 
and the substitution of oxygen upper curve is characteristic of potash glasses 
with halogens, sulfur or other while the lower curve is characteristic of soda 

glasses. elements. The system chosen for 
the preliminary study of cobalt colored glasses was that of the alkali oxides 
with boric oxide. This system includes the borax bead which is used in 
the qualitative detection of cobalt. 

A study of the absorption spectra of cobaltous hydroxide, dissolved in 
concentrated aqueous alkali hydroxide solutions, by Dr. R. A. Morton and 



the author4 at  the University of Liverpool, showed that a slight change in 
intensity of the absorption bands, without a change in wave length, would 
be expected with a change from NaOH to KOH. The data presented in 
this paper would confirm this effect and indicate that the cobalt coior in 
concentrated aqueous alkali hydroxide is the same as in the alkali oxide 
glasses. 

In earlier papers of this series6 it  has been shown that a change from C1, 
to Br, to I in the complex causes a marked increase in wave length of the 
absorption band with an increase in the molecular weight. The conclusion 
was drawn that these elements must be directly connected with the chromo- 
phore, since their mass influences the frequency of vibration of the chromo- 
phoric group. In this paper a new type of effect is described, in which 
the change in elements, from Li to Na to K to Cs, causes no shift in the 
frequency of the band but rather a change in the band intensities. This 
latter effect is not of necessity due to a difference in mass and might arise 
from certain chemical differences such as a tendency to form polyvalent 
compounds, electromotive effects, etc. It would seem then that none of 
these alkali metals are directly connected to the chromophore yet they 
have a close relation with the cobalt such as might occur in a coordinated 
oxide formed from MzO and COO in which the metal would not be directly 
attached to the cobalt but its affinity for oxygen would determine the ease 
of formation of the coordinated cobalt oxide and the strain upon the cobalt- 
oxygen coupling. Such a theory would lead to the prediction of an easily 
formed and stable cobalt oxygen coordinated complex in the presence of 
CszO and a difficultly formed and unstable complex with Li20. The 
experimental data in this paper are in accord with this theory. 

In an earlier paper5b it was shown that the addition of halogen acids to 
a neutral pink solution of a cobaltous salt converted it to a blue-green 
solution. In this paper it is shown that the addition of alkali oxides to a 
pink cobalt glass of boric oxide converts the color to blue. These different 
absorption spectra should not be considered as derived from extreme acid 
and basic colors with the pink cobaltous colors as the neutral range. It is 
possible to add halogen salts to a blue cobalt glass and change the absorp- 
tion bands to the blue-green system of the halogen acids without passing 
through any pink stage. I t  has been previously shown5c that a similar 
effect is observed with regard to the change from the blue pyridine-quino- 
line solutions to the halogen acid solutions. Strong acids such as sulfuric 
acid and nitric acid do not give blue solutions while neutral solvents such as 
ethyl alcohol, ethyl ether and acetone give blue solutions. The evidence 
points to an oxide coordinated system which differs only from the halogen 
system by replacement of the halogen with oxygen. The similarity of the 

(4) Then a Fellow of the John Simon Guggenheim Memorial Foundation. 
(5) (a) Brode, Proc. Roy. Soc., 118A, 286 (1928); (b) Brode and Morton, ibid., laOA, 21 (1928); 

(c) Brode, THIS JOURNAL, 63,2457 (1931). 
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two systems is shown through the analogous shape of their absorption 
bands, the oxygen-system bands being of similar shape but shifted to a 
higher frequency, which would be expected as a result of the smaller mass 
of the oxygen as compared with the halogens, C1, Br and I. In both the 
oxygen and halogen systems the colors can be shifted from pink to blue by 
an increase in temperature. The pink colors obtained are the same in all 
systems, while the blue colors vary depending on whether 0, C1, Br, I, S, 
SCN, pyridine, quinoline, etc., are combined with the cobalt. 

In the alkali oxide-boric oxide glasses two different influences are con- 
sidered, (a) the change in the ratio between the alkali oxide and boric 
oxide concentrations, and (b) the change of the alkali oxide from Li to  Na, 
to K to Cs. Since pure boric oxide alone gave only the pink color, charac- 
teristic of the uncoordinated cobaltous compounds, i t  was felt that  i ts  
action, like that of water in the halogen acid systems, was merely that  of a 
solvent. There is another possible type of substitution in this series of 
glasses which should be quite convincing in showing which of the elements 
involved actually coordinate with the cobalt. This would involve the 
replacement of oxygen with other elements such as the halogens, sulfur, 
selenium and tellurium. Although glasses of this type will be discussed in a 
subsequent paper, the Na2S-2B2S3 (thioborax) glass has already been 
prepared and the shifted position of the bands definitely confirms the 
theory that oxygen and sulfur are coordinated with cobalt in much the 
same manner as the halogens. 

Preparation of Glasses and Method of Observation 
The melts described in this paper were prepared, in unglazed Sillimanite crucibles, 

by thoroughly grinding and fusing to a clear liquid the weighed quantities of alkali 
carbonate, boric acid and cobalt carbonate. When completely fused each melt weighed 
between 10 and 15 g., of which the cobalt in the form of COO formed about 0.1%. Melts 
with ratios of one mole of alkali oxide to two moles of boric oxide (M20-2BzOs) or lower 
boric oxide content, appreciably etched the crucibles and Mz0-BZO~ melts invariably 
went through the crucible in a short time. For this reason many of the glasses with a 
ratio of MzO-2.5Bz08 or less boric oxide were subsequently prepared in platinum cru- 
cibles. These latter glasses gave absorption curves identical with those obtained from 
the glasses prepared in the Sillimanite crucibles, indicating that there was no apparent 
color effect due to the dissolving of small amounts of A12O3 or SiOz. All the cesium 
glasses were prepared in platinum crucibles. 

For the absorption spectra observations, glass disks with nearly plane surfaces were 
prepared by the use of rings made of a single loop about 2 cm. in diameter on the end 
of a nichrome or platinum wire. In cases where extra thick glasses were desired two 
or three turns were used. A bead from the melt was formed on the wire loop of a size 
sufficient to produce a disk from 3 to 4 mm. thick. The disk was laid on a polished 
carbon block and the upper surface liquefied with a gas oxygen blow torch. The bead 
was then allowed to cool and when nearly solidified it was turned over and pressed lightly 
on the polished carbon block. The surface then uppermost was similarly treated and 
afterwards each was fire polished or flashed with the flame to remove slight roughness 
caused by the contact cooling with the carbon block The resulting glasses were quite 



satisfactory for the measurement of their absorption spectra. In a few cases where 
there was a marked tendency to crystallize it was necessary to form the disk by rapid 
cooling and no fire polishing was possible. The method used in such cases was to pour 
out a puddle of the melt on a polished stone surface and freeze it a t  once by pressing 
down on the top of this drop with a cold carbon block. All of the prepared disks were 
kept in an oven at 100 O until observations on their absorption spectra and thickness could 
be made. This treatment effected a partial annealing and prevented the rapid formation 
of a film on the glasses due to the hydration of the boric oxide. A subsequent coating of 
collodion served to preserve the samples permanently. 

The absorption spectra measurements were made on a Bausch and Lomb spectro- 
photometer. The data, in a graphic form, as presented in this paper have been recal- 
culated to equivalent concentrations of cobalt and convenient thickness of sample. 
Several samples were prepared of certain alkali oxide-boric oxide melts with widely 
differing cobalt concentrations (varying from 0.04 to 2.5%). These gave nearly identical 
absorption spectra curves in thicknesses inversely proportional to the cobalt concentra- 
tion and hence showed that there were no concentration effects within the ranges studied. 

In  the cases of those samples which could not be fire polished after pressing out, and 
of certain others which were partially crystallized, a necessary correction was made 
for the considerable diffusion and general absorption of light from the rough surfaces. 
This correction was made by subtracting the value of the absorption coefficient ob- 
tained a t  730 mp from all of the observed values, since it was shown in the clear samples 
and other glasses studied that there was no absorption at  this point due to the cobalt 
color. Observation points have been omitted from the c w e s  in this paper in order to 
permit a better visual comparison of the curves. Readings were made every 5 mp 
from approximately 420 mp to 730 mp, each plotted point being the average of several 
readings. Separate settings were made a t  each of the maxima, and additional data 
obtained for these points. The sample thicknesses and to some extent the concentra- 
tions increase as one goes from blue to pink glasses. The extinction coefficient for the 
blue glasses is about ten times that for a pink glass of the same thickness and concentra- 
tion of cobalt. The solubility of cobalt oxide in boric oxide is very low so that some of 
this large drop in extinction coefficient may be due to a colloidal suspension of the 
cobaltous oxide in place of a true solution. 

Discussion 

Because of available data on the sodium oxide-boric oxide system the 
first glasses to be made were of this composition and more concentrations 
were considered in this series than in the subsequent alkali oxide glasses 
(Fig. 2). Ponomareff6 has shown that there are eutectics in this system at  
Na20-1.5Bz03, NazO-2.5B203 and NazO-3.5Bz03 and that there are 
molecular compounds corresponding to Na20-Bz03, Na20-2B203, NazO- 
3B2O3 and Na204B203 but that beyond this last boric oxide concentration 
there does not appear to be a continuation of this series of eutectics and 
compounds. This might indicate that the maximum stable sodium 
borate was the octaborate, NazB8Ol3. In Fig. 2 it is noticeable that in this 
same neighborhood of Naz04B203 the change takes place between the 
pink and blue glasses. This color change does not take place a t  a fixed 
concentration ratio of sodium oxide to boric oxide but rather occurs over 
a given concentration range. This range may be shifted to higher or 

(6) Ponomareff, Z .  anorg. Chem., 89, 390 (1914) 
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lower alkali oxide concen- 
trations by a change in 
temperature.  At  high 
t e m p e r a t u r e s  l a r g e  
amounts of boric oxide are Molar Thick- 
required to produce a pink ness (in 
coloration, while a t  low mm.) 

temperatures, especially 1 .O 
with liquid air, cnly a 
very small amount of boric 1-2.0 1.0 

oxide is necessary to pro- 
duce a pink color. It is 
quite possible that a study 1-2.25 1.5 
of the stability of these 

1-2.5 2.0 various sodium oxide- 2 
boric oxide compounds at  1-2.75 2.2 
other temperatures would 
show a similar variation as 1-2.9 2.8 
the  temperature color 

1-3.0 3.0 
change. The change from 
pink to blue is not a shift 1-3.3 3.7 
of the frequency of the 
absorption band bu t  1-3.75 4.5 
rather the loss of intensity 1-4.3 5.2 
in one band concomitant 
with the gain of intensity 1-6.0 7.0 
of other bands, similar to 

1-8.5 8.0 the conditions in an indica- 
tor color change? Glasses 1-17.0 10.0 
within this equilibrium 
range will show these 400 500 600 700 
bands and hence the re- Wave length, mp. 

Sultant curve should be - Fig. $?-The absorption spectra of sodium oxide- 
capable of analysis into boric oxide cobalt glasses. Cobalt concentration = 
component curves, provid- 0.2 g. CO per 100 g. of glass. The sodium oxide-boric 
ing an intermediate is not oxide molecular ratios and the thickness values in mm. 

of the samples are given to the right of the curves. 
formed'8 Subtraction of It should be noted that a greater thickness or concen- 

either the extreme blue or tration of cobalt is necessary to produce an absorption 
pink curves from the equi- band in the pink samples with an extinction coefficient 
librium curves indicates of approximately the same value as in the blue samples. 

In order to avoid the overlapping of curves, the ordi- 
(?) Brodel J o U R N A ~ ~  46* nates of each curve in this and subsequent figures in 

581 (1924). 
(8) Brode, Bur. J .  this paper have been offset 0.4 in extinction coefficient 

Research, 2, 520 (1929). (log I o / I )  above each adjacent curve. 



that an intermediate compound or partially coordinated complex must 
exist between the blue and pink colored forms. A similar intermediate 
compound was previously shown to exist5' between the pyridine-quinoline 
blue solutions and the halogen acid blue solutions. 

With an extremely low concentration of boric oxide, the band at  640 mp 
drops slightly in intensity in much the same manner as has been shown in 
the case of certain indicators with an excess of alkali or acid concentration. 

The data on the Li, K 
and Cs glasses (Figs. 3, 4 
and 5) are similar to the 
data on the sodium glasses, 
al though there  are  some 
progressive changes on sub- 

Molar 
ratio stituting the elements in the 
LirO- 
B ~ O ~  order of their periodic ar- 

h; rangement. While lithium 
glasses have a color change 
point near t h a t  of t h e  

1-2.5 
sodium glasses, the equilib- 
rium range covers a much 
wider variation of concen- 

13.75  tration, so that those with 
the lowest amount of boric 

1-7.5 oxide are  s t i l l  a decided 
purple in color and show a 

400 500 600 700 considerable amount of ab- 
Wave length, mp. 

sorption due to the pink or 
Fig. 3.-The absorption spectra of lithium oxide- 

boric oxide cobalt glasses. The molar ratios of the cobaltous color. In general 
components are given to the right of each curve. the lithium glasses were 

high melting and had a 
strong tendency to crystallize. As would be predicted, the potassium 
glasses have apparently a smaller range of concentration variation for the 
color change and hence give a purer blue color with a sharper absorption 
band in the red than the corresponding sodium and lithium glasses. As 
in the case of the latter, there is a drop in the intensity of the 640 mp 
band with a very low boric oxide concentration. In intermediate concen- 
trations, however, this band is much stronger than the same band in the 
sodium glasses. In the blue potassium glasses there is a slight shift of 
the bands toward the red. This is not due to an increase in the molecular 
weight of the chromophore such as would occu if the potassium were 
directly combined with the cobalt, but rather to the smaller amount of 
absorption of the pink band which by its additive effect would cause an 
apparent shift in the wave length of the band toward the blue. If this 
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shift had been due to an increase in molecular weight, then the bands of the 
cesium glasses with an atomic weight of about three times that of potassium 
and nearly six times that of sodium should show a marked shift, just as the 
shifts in the halogen-cobalt complexes from C1, to Br, to I are in proportion 
to their atomic weights.5b There was no such shift in the cesium glasses 
(Fig. (i), which confirms the theory that the cobalt is not directly coordi- 
nated with the alkali metals. There is a noticeable variation of the relative 

Molar Thick- 
ratio ness 
KtO- (in 
BzOa mm.) 

1-7.5 5 

400 500 600 700 
Wave length, mp. 

Fig. 4.-The absorption spectra of potassium oxide-boric 
oxide cobalt glasses. The molar ratios of the components 
are given to the right of each curve. 

intensities of the 640 mp band in the different alkali oxide glasses. This 
band is relatively weak in the lithium glasses and strong in the potassium 
glasses. The cesium glasses indicate a still stronger band a t  this point 
but the measurements of their curves were not so accurate as the others. 
The melting point of (Csz0-3Bz03) glass was rather high and there was 
a marked tendency to crystallize. In addition, the cesium seemed to 
absorb oxygen very easily, forming the higher oxides and yielding an 
opaque glass. The only two satisfactory cesium glasses were the CszO- 
2B203 and the Csz0-2.5Bz03, the latter being quite low melting. 



If the color is due to an oxide complex, similar to the quinoline halide 
complex, then it should be possible to convert the oxide complex to a halide 
complex without passing through the pink or cobaltous stage. Addition of 

alkali metal halides produced 
first a purple-gray glass with 
a flat broad band due to the 
two component band systems 
and a possible intermediate 
halogen-oxygen complex. 

h; On further addition of the 
2 Molar .,,, alkali metal halide the halo- 
M 

3 gen system with bands identi- 
cal with those obtained in the 
concentrated halogen acids 

1-2.5 
was obtained.5b The chlo- 
ride glass was bright blue- 

1-3 green, the  bromide glass 
yellow-green and the iodide 

400 500 600 700 glass yellow in color. Only a 
Wave length, mp. trace of halide was necessary 

Fig. 5.-The absorption spectra of cesium oxide- to convert the pink glasses 
boric oxide cobalt glasses. The molar ratios of the 
components are given to the right of each curve. the corresponding 

colored glass; the intense al- 
kali blue glasses,'however, required considerable halide to convert them to 
the halogen colors. 

Summary 
A spectrophotometric study has been made of the alkali oxide-boric 

oxide cobalt glasses. It has been shown that the position of the absorption 
bands in the blue glasses is unaltered by a change of alkali oxide and hence 
the alkali metal itself is not directly attached to or a part of the chromo- 
phore. The change of the alkali oxide to the corresponding alkali sulfide 
or halide produces bands which are characteristic of these complexes and 
whose frequency position is shifted with a change of the atomic weight of 
the substituting element. The cobalt oxide blue glasses therefore belong 
to the same system of coordinated cobalt blue compounds as the halogen 
acid colors, the halogen salt colors such as cobaltous chloride in the presence 
of calcium chloride or aluminum chloride, the alcohol, acetone, ether, and 
other organic blue solutions, the pyridine and quinoline-halogen com- 
plexes and the sulfur and thiocyanate colors. In all of these the co- 
ordinating element adjacent to the cobalt is apparently part of the chromo- 
phore while other elements attached to this element have little influence on 
the band other than an indirect effect which is apparent in the data only as 
modifications in the relative intensity of the bands. The pink glasses 
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containing a high concentration of boric oxide have the same absorption 
band as is to be found in the water solutions of cobaltous salts or the 
sulfuric and acetic acid solutions and which is ascribed to the uncoordiilated 
cobaltous atom. I t  is possible to prepare cobalt glasses with the proper 
concentration of oxides such that they will be pink at  a given temperature 
and blue at  a higher temperature. For this purpose potassium oxide is to 
be preferred to lithium and sodium oxides. With a given molar concentra- 
tion, a more brilliant blue glass is obtained with potassium than with 
sodium or lithium oxides. 

COLUMBUS, OHIO RECEIVED AUGUST 19, 1932 
PUBLISHED MARCH 7. 1933 

The Solubility of Nitrogen in Water at 50, 75 and 100" from 
25 to 1000 Atmospheres 

There is no reliable method by which the solubilities of gases in liquids 
a t  high pressure may be calculated or predicted. Carefully compiled 
experimental data, therefore, become of theoretical as well as immediate 
practical value. 

Goodman and Krasel measured the solubility of nitrogen in water from 
100 to 300 atmospheres over a wide range of temperatures while Frolich and 
associates2 obtained the solubility of nitrogen in water a t  25' up to 200 
atmospheres. It will be seen that there is some disagreement between the 
various results. The data presented here are an extension of previous 
work.3 

Apparatus and Method 

The apparatus and method used are somewhat similar to those de- 
scribed previou~ly.~ Fig. 1 shows the apparatus. Cylinders A and B 
of 1000 and 300 cc. capacity, respectively, were filled with water to three- 
fourths capacity. For the high pressure approach gas was bubbled through 
A and B successively a t  a pressure above the final value in order to obtain 
supersaturation. The pressure was then lowered to the desired level and 
gas was bubbled through for several hours. The gas flow was then turned 
off and, after standing from two to fourteen hours, samples were taken. 
In the low pressure approach the water was saturated a t  a pressure below 
the final value and then gas was bubbled through a t  the final pressure 
for about three hours. Samples were taken only from B. A was used as a 

(1)  Goodman and Krase, Ind.  Eng. Chem., 23, 401 (1931). 
(2) Frolich. Tauch, Hogan and Peer, ibid , 23, 548 (1931). 
(3) Wiebe, Gaddy  and Heins, ibid., 24, 927 (1932). 
(4) Wiebe, Gaddy and Heins, ibzd , 24, 823 (1932). 
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reservoir to save time in saturation. In the low pressure measuring system 
the 30-cc. buret C measured the volume of water while the other two burets 
took care of the gas sample. The water sampling buret C could be read 
to 0.01 cc. Pressures were read on two piston gages described by Bartlett 
and co-w~rkers.~ The nitrogen was 99.9% pure, the impurities being 
argon and traces of oxygen. 

Fig. 1. 

Discussion of Results 

In Table I the experimental values are tabulated. The errors were 
calculated by means of the formula6 

and are shown in the third and fi,th columns of Table I. 
As will be seen, both approaches yield practically identical values, 

showing that equilibrium must have been reached. The final value was, 
therefore, obtained from an average of all observations. The absolute 
value may be different from the experimental by a few tenths per cent. due 
to the impurities and due to calibration errors of the burets and gages. 
The latter error will be greater at  low pressures. The probable error natu- 
rally takes into account only accidental errors of observation. A slight 
error may also arise from the correction for the gas left in the water sample 
in the buret but this also becomes negligible a t  higher pressures. 

A correction was made for the change of the partial pressure of water 
due to the total pressure. This correction is naturally most uncertain 
in the high pressure range of the 100' isotherm but in the worst case 

(5)  Bartlett, Cupples and Tremearne, THIS JOURNAL, 50, 1275 (1928). 
( 6 )  Deming, Phys.  Rev., to appear. 
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TABLE I 
ABSORPTION COEFFICIENTS (CC. OF GAS AT S. T. P. PER G.  OF WATER) OF NITROGEN IN 

WATER 
Press of Number of Av. Number of 

nitrp- runs for low for low runs for high Av. for 
gen m press. press. press hi& press. Final 
atm. approach approach approach approach values 

25.00 * 0 03'" 
25 10 0 . 3 4 8 + 0 0 0 0  12 0.348+0.000 0 .348+0.000 
50 10 673 * .001 10 .675 + .001 ,674 * ,001 

100 10 1.262 ,001 7 1.268 + .001 1.264 + .001 
200 6 2 .253+ ,992 6 2.260* .002 2.257* .GO1 
300 9 3.062+ .004 15 3.060+ .002 3 .061+ .002 
500 14 4.436 + ,002 14 4.446 * .003 4.441 + .002 
800 8 6.133+ .01 19 6 1 3 5 i  .OO 6.134+ .003 

1000 15 7.15 + .OO 18 7 . 1 5 *  .01 7.15 * .OO 

50.00 + 0.03' 
25 9 0.273 + 0.000 6 0.273 + 0.000 0.273 + 0.000 
50 7 ,533 + .001 11 .533 + .001 ,533 * ,001 

100 14 1.011 * ,000 5 1.011 * .001 1.011 + .OOO 
200 7 1.829 * ,001 11 1.830 + .001 1.830 + .001 
300 7 2.532 + .001 10 2.535 * .001 2.534 + .001 
500 5 3.718 + .002 14 3.721 + .002 3.720 =t .002 
800 9 5.219 * .003 7 5.223 + .001 5.221 + .002 

1000 7 6.114 + ,006 7 6.131 + .006 6.123 * .005 

75.00 + 0.03O 
25 8 0.254+0.000 7 0.254+0.000 0.254+0.000 
50 7 .494+ .OOO 7 .494* .001 .494+ .001 

100 7 ,946 + .OOO 8 ,946 + .OOO .946 * ,000 
200 8 1.732 + ,001 6 1.731 + .001 1.732 + .001 
300 7 2.414 + .001 5 2.412 + ,001 2.413 * .001 
500 7 3.584+ .001 5 3 .583h  .002 3 . 5 8 3 ~  . O O l  
800 8 5.064* ,002 6 5.060+ .002 5.062+ .001 

1000 5 5.927+ .002 5 5.939* .004 5 . 9 3 4 s  .003 

100.00 + 0.05" 

25 7 0.266 + 0.000 9 0.265 * 0.000 0.266 * 0.001 
50 7 ,516 =t .001 7 .515 * .001 .516 * .001 

100 7 .986 + .001 8 .986 + ,001 .986 + .001 
200 9 1.822 + .001 7 1.821 + ,002 1.822 + .001 
300 15 2.546+ .001 12 2.546+ .002 2 .546+ .001 
500 14 3.799.t ,008 6 3.796* .003 3.799+ .002 
800 6 5.363* ,005 6 5.367+ .003 5.365+ .003 

1000 7 6 257 * .008 7 6.255 * ,005 6.256 + .004 

" Some additional runs were made at  25' which introduced slight changes in some 
of the values previously published. 

amounts to only about 0.1% so that even a 50% error would not change 
the absorption coefficient by more than 0.05%. The change of vapor pres- 
sure with total pressure on the liquid is given by the Poynting relationship7 

(7) Lewis and Randall, "Thermodynamics," McGraw-Hill Book Co., Inc., New York, 1923, p. 183. 



In this case p and P are the vapor pressure of water and the total pressure 
on the liquid, respectively, while V is the partial molal volume of water 
vapor and v that of water. Since the partial molal volumes are not known, 
the molal volumes were taken in each case. For the 100' isotherm the 
Callendar equation was assumed to represent the behavior of water vapor 
while for all others the perfect gas law was used. For the 100' isotherm 
the Poynting equation took the following form 

P A In - - B ( p  - po) = Vo(P - Po) - aP2 + bP3 - cP4 
Po 

The data for the compressibility of water a t  100' were taken from an 
extrapolation of the data of Bridgman.g 

0 10 20 30 40 50 60 70 80 90 100 
Temperature in "C. 

Fig. 2.-8, Goodman and Krase at 100 O ;  A, Goodman and Krase at 200 O; 

X, Goodman and Krase at 300°. 

The more recent data of Tammann1° show a slightly different trend. 
The change of vapor pressure with total pressure has been discussed by 
Bartlett,ll Lurie and Gillespie12 and others. Bartlett measured the con- 
centration of water vapor in compressed nitrogen and hydrogen in the 
presence of the condensed phase. 

(8) Dr. W. Edwards Detping suggested a convenient graphical method of solving this equation 
(9) Bridgman, "International Critical Tables," Vol. 111, p. 40. 

(10) Tammann and Ruhrenbeck, Ann. ghys. ,  13, 63 (1932) 
(11) Bartlett, THIS JOURNAL, 49, 65 (1927) 
(12) Lurie and Gillespie, ibid., 49, 1146 (1927). 
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Isobars are plotted in Fig. 2. The data show a minimum a t  about 
70' which becomes more pronounced as the pressure rises. The question of 
the actual existence of minima of solubility of gases in water has until quite 
recentIy been a controversial matter. Bohr and Bock13 first found a mini- 
mum in the case of hydrogen, but their work was t ho~~gh t  to have sys- 
tematic errors.14 Recently Ipatiew and co-workers15 mention the pos- 
sibility of a minimum for hydrogen between 65 and 75'. The minimum for 
helium that was thought to have been discovered by Estreicher16 a t  about 

0 100 200 300 400 500 600 700 800 900 1000 
Pressure in atmospheres. 

Fig. 3. 

25' has been discredited by Cady and associates17 and more recently by 
Lannung.18 Goodman and Krasel found a minimum for nitrogen but its 
location is not in very good agreement with the one in this work, as will be 
seen from Fig. 2. A comparison with the work of Frolich and associates 
was made previ~usly.~ Kuenen,lg reasoning from the known behavior of 
mixtures, suggested that every gas should show a minimum of solubility 
and that for sparingly soluble gases this minimum should occur a t  low 
temperatures. The solubility of nitrogen in many organic substances in- 
creases with rise in temperature over the known range.20 Figure 3 shows 

(13) Bohr and Bock, Wied. Ann.. 44, 318 (1891). 
(14) Drucker and Moles, Z. physik. Chem., 15, 405 (1911). 
(15) Ipatiew, Drushina Artemowitsch and Tichomirow, Ber., 65, 568 (1932). 
(16) Estreicher, Z. physzk. Chem., 31, 176 (1899). 
(17) Cady, Elsey and Berger, THIS JOURNAL, 44, 1456 (1922). 
(18) Lannung, ibid., 52, 68 (1930). 
(19) Kuenen, Proc. Roy. SOC. Edinburgh, 23, 312 (1900); Kuenen, "Verdampfung uud Verfliis- 

sigung von Gemischen," Johann Ambrosius Barth, Leipzig, 1906, p 82. 
(20) Just, Z. physik. Chem., 37, 342 (1901). 



more clearly the fact that a t  higher pressures the solubility of nitrogen a t  
100' is already greater than at  50'. 

Figure 4 finally indicates the impossibility of predicting the solubility 
of gases at  high pressures from any simple considerations. Henry's law 

fi = kc 

where p is the partial pressure of the gas and c the concentration in the 
liquid does not hold as shown in Fig. 4. Substitution of fugacity for pres- 

Henry's law Henry's law 
Values calculated from ----- Values calculated from 
Ostwald absorption co- Ostwald absorption co- 
efficient efficient 

Fig. 4. 

sure actually makes the agreement worse a t  higher pressures. The dotted 
curve in Fig. 4 was calculated from the Ostwald absorption coacient.  

concn. in gas phase, g./cc. X = 
concn. in liq. phase, g./c< 

X being obtained from the solubility a t  one atmosphere partial pressure.21 
The volume of water was corrected for compressibility, neglecting the 
solubility effect. The values calculated from the absorption coefficient 
are in much better agreement. The curves for 75 and 100° are not shown, 
but are of somewhat similar nature. 

(21) For calculation of the fugacities and densities of nitrogen, see Deming and Shupe, Phys. 
Rev., 57, 638 (1931). 
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Summary 
A simple apparatus and method for obtaining solubilities of gases in water 

and similar liquids has been described. 
The solubilities of nitrogen in water at  50, 75 and 100° from 25 to 1000 

atmospheres were measured. 
The absorption coefficient showed a distinct minimum at about 70' 

which became more pronounced with increase in pressure. 
It has been shown that a t  present it is not possible to predict the solu- 

bility of nitrogen in water at  high pressures from !ow pressure data with 
any degree of certainty 

WASHINGTON, D. C. 

[CONTRIBUTION FROM THE PHYSICAL LABORATORY, UNNERSITY OF DENVER] 

Luminescence and Crystalline Structure1 

Many inorganic solids exhibit luminescence which may appear as 
fluorescence, phosphorescence or thermoluminescence. Small quantities 
of dissolved inorganic materials may confer upon these solids the ability to 
gather energy which may be emitted as luminescence. Such dissolved sub- 
stances are termed activators. Lenard2 has proposed the hypothesis that 
the absorbing and re-emitting center in luminescent solids consists of an 
atom or molecule of the activator linked with a definite number of solvent 
molecules. This investigator attributed each luminescence band to a 
different type of center. In recent years the hypothesis of Lenard has 
been transposed into a modified form in which it is stated that the manner 
of linkage of an atom of the activator with a definite number of solvent 
atoms occurs by substitution of the activator atom for one of the solvent 
atoms in a definite crystalline lattice. 

Tiede and his co-workers3 have presented some experimental evidence 
for the crystalline structure theory of luminescence. These workers find 
that the property of luminescence appears coincident with the occurrence 
of marked crystalline structure both in the case of calcium tungstate 
and boron nitride phosphors. On the other hand, Lenard and his students4 

stated that the Lenard phosphors (alkaline earth sulfides oxides or 
selenides) appear to be hardened glass-like materials. In view of the 
contradictory statements and'the somewhat indirect evidence, information 

(1) Presented in part before the Physical and Inorganic Division at the 84th Meeting of the 
American Chemical Society, Denver, Colo., August 22 to 26, 1932. 

(2) Lenard, Site. Heidelb. Akad., 1917, 1918. 
(3) Tiede and Schleede, 2. EJeklrochem., 89, 305 (1923); Tiede and Tornaschek, ibid., 29, 303 

(1923); Schleede, Z. Physik, 18, 109 (1923). 
(4) Pringsheirn, "Fluorescenz und Phosphorescenz," Julius Springer, Berlin, 1928, p. 263. 



which will furnish a more definite answer to the question should be of 
value. 

The Relation of the Optimum Concentration to Crystalline Structure.- 
It has been found by numerous workers in the past that whenever an ac- 
tivator is responsible for luminescence there is found a certain concentra- 
tion of activator a t  which the luminescence is of greatest intensity. This 
concentration is termed the optimum concentration. The optimum con- 
centration is related to the number of atoms which constitute a single 
lattice group in the crystal theory of luminescence. Late in 1930 Ewles5 

developed a mathematical relation between concentration and intensity of 
luminescence based upon the substituted activator atom crystal lattice 
theory. He found that to a first degree of approximation the intensity 
for a single luminescence band would be given by the expression 

F = A Ce-me 

where F is the intensity, A a constant, C the concentration of activator, and 
n the number of solvent atoms in one crystal group. Ewles pointed out 
that differentiation of this function indicates that the maximum value of the 
intensity will be found at the concentration C = l/n. Therefore, the deter- 
mination of the optimum concentration gives the value of n, the number of 
solvent atoms associated with each activator atom in the crystal lattice. 
Without recourse to any formal mathematics it seems evident that if the 
luminescence is to be conditioned only by the assumption that an atom of 
activator is linked with a definite number of solvent atoms, the optimum 
concentration will be the one a t  which this particular ratio exists. Con- 
versely, if at the optimum concentration the ratio of the number of ac- 
tivator atoms to solvent atoms is 1/S then the inference may be drawn that 
one activator atom would be associated with S solvent atoms in each 
Lenard center. Moreover, this would be true whether or not the group was 
a crystalline unit. 

Nyswander and Cohn6 have observed that zinc borate glasses which con- 
tain manganese as an activator exhibit thermoluminescence when exposed 
to ultraviolet light. The relation of the intensity of luminescence to the 
concentration of manganese has been measured accurately by Cohn and 
hark in^.^ The optimum concentration of manganese in the case of 
thermoluminescence is close to 0.2% manganese. The optimum concentra- 
tion is not changed when the exciting light is passed through a Corex A blue- 
purple filter (thickness 4.26 mm.), although the intensity of thermo- 
luminescence is markedly reduced. This indicates that the optimum con- 
centration for thermoluminescence does not'vary with the wave length of 
exciting light in the region examined. 

It has been found that zinc borate glasses which contain manganese ex- 
(5) Ewles, Proc. Roy. Soc. (London), 129, 509 (1930). 
(6) Nyswander and Cohn, J. Optacal Soc. A m .  20, 131 (1930). 
(7) Cohn and Harkins, THIS JOURNAL, 62, 5146 (1930). 
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hibit fluorescence' when exposed to ultraviolet light. The relation of 
fluorescence intensity to concentration of manganese is represented by the 
curves of Fig. 1. Curve A represents the relative intensities of fluorescence 
obtained when the exciting ultraviolet light passed through a Corex A blue- 
purple filter of thickness 4.26 mm. 
whose transmission limit was about 0.9 
2350 A. Curve B represents the 0.8 
relative values of fluorescence when 0.7 

the exciting ultraviolet light was &0.6 
transmitted through a Corex A 8 0.5 
red-purple filter of thickness 4.22 3 0.4 
mm. whose transmission limit was 0.3 
about 2480 A. It will be noted 0.2 
that the optimum concentration is O.l 

approximately1.75%manganese 
in both cases, although the effi- Manganese, %. 
ciency of excitation of fluorescence ~ i ~ .  l,-The intensity of fluorescence of 
is greater for the shorter wave zipc borate glasses which contain manganese. 
lengths. This signifies that the Curve A represents intensities when excit~d 
optimum concentration for fluores- through a filter of transmission limit 2350 A.; 

Curve B, 2480 A. 
cence is independent of the wave 
length of exciting light in the region of the spectrum in which thermo- 
luminescence may also be excited. 

The values of the intensity of fluorescence were obtained with the aid of a 
fluorescence camera whose construction is indicated in Fig. 2. A repre- 
sents a quartz mercury arc, V a Corex A filter which passed the exciting 

ultraviolet light, but not the visible of 
wave length longer than about 4500 A. 
S is the glass sample which is 6 mm. 
square and 2.6 mm. thick, with polished 
faces and ground upon the edges with 
emery flour. F indicates a second filter 
which transmitted red light of wave 
lengths greater than 5900 A. L is the - 

Fig. 2.Simplified section through lens which passed the fluorescent light 
fluorescence camera: A. auartz mer- from the sample S to the photographic . - 
cury arc; V, filter for ultraviolet light; plate. The latter is carried by a rack and 
S, glass specimen; F, filter transparent pinion upon the back of the camera B. 
to fluorescent light; L, lens. The exciting light passed through the fil- 
ter to the sample S and a fluorescent comparison sample S' in the same plane 
as S but not shown in the diagram. The fluorescent light emerged from the 
edge of the sample S and the comparison sample S' and was photographed. 
By this means a photographic record of intensities of a series of samples 



each having the intensity of the comparison alongside was obtained 
upon a single photographic plate. The density of the deposit upon the 
photographic plate was determined with the aid of a photoelectric den- 
sitometer. The latter consisted of a lamp operated a t  constant voltage 
with the aid of a Delta regulating transformer; a small half circle opening 
over which the images of the plate could be placed; a Weston photronic 
cell; and a galvanometer. The fluorescent intensities represented in Fig. 1 
were graphed in terms of the density of the photographic image obtained 
after a three-minute exposure to the fluorescence excited by a mercury arc 
in fused quartz ("Lab-Arc") operating upon 2 amperes, alternating current. 

In Fig. 3 Curve A represents the intensity of thermoluminescence and 
Curve B, the intensity of fluorescence as affected by the concentration of 

the manganese which served as the 
ac t iva tor .  T h e  intensity coor- 
dinates are not equal for the two 
curves. Inasmuch a s  t he  zinc 

.2 borate glass solvent which composed 
8 
C 

the specimens had a composition 
a 

I-I equivalent to Zn(BOz)~.1/4Zn0, the 
ratio of the number of zinc atoms 
to manganese atoms in each of the 
lattices suggested by the data from 

1 2 3 4 5  the optimum was readily computed. 
Manganese, %. 

In thermoluminescence the ratio of 
Fig. 3.-Curve A, intensity of ther- 

moluminescence of zinc borate glasses zinc to manganese atoms in a lattice 
which contain manganese; Curve B, in- group would be 200 to 1, whereas 
tensity of fluorescence of similar glasses. in the case of fluorescence the 

ratio of zinc to manganese atoms 
would be 23 to 1. Each sample of zinc borate glass which contained 
manganese exhibited both fluorescence and thermoluminescence and there- 
fore would contain both lattice groups. At this stage of presentation of 
experimental evidence, therefore, two different crystalline lattices would be 
indicated as being present in each specimen on the basis of the crystal 
lattice theory. 

The Relation of the Emission Spectrum to Crystalline Structure.- 
If the luminescence of an inorganic solid is to be attributed to a unit lattice 
grouping, the spectrum of the luminescence is also to be assigned to this 
unit. This is postulated by both the Lenard and the crystal lattice 
theories. I t  is therefore pertinent to our problem to investigate the 
comparative spectra of fluorescence and thermoluminescence. 

The emission spectrum of fluorescence was secured. This spectrum is a 
band extending from about 5670 to 6750 A. The maximum intensity is 
about 6100 A. The photographic exposure was made upon a panchromatic 
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plate. The exposure time was two hours. An "extreme red" sensitive 
plate showed no detectable darkening in the region 7200 to 7600 A. after a 
ten-hour exposure, which indicates that the panchromatic plate is sensitive 
in the spectral region occupied by the fluorescence band. The experi- 
mental arrangement was similar to that which is used to obtain Raman 
spectra. The emission spectrum of thermoluminescence was next ob- 
tained. Efforts to accomplish this were unsuccessful until an improvised 
spectrcgraph of large light gathering power was constructed in which the 
thermoluminescence sample served as its own slit. The thermolumines- 
cence emission spectrum, photographed upon a panchromatic plate, was 
found to be a band in the same region of the spectrum as that of fluores- 
cence. The maximum intensity was 6050 +50 A. 

The evidence indicates that the emission spectra of fluorescence and 
thermoluminescence are alike, within experimental error. The lumi- 
nescence therefore should be occasioned by a single lattice group. The 
conclusion given by evidence from the condition of the optimum was that 
two crystalline groups were present in each specimen of the zinc borate 
glass which contained manganese. The conclusion presented by the 
evidence from emission spectra is in direct conflict with that obtained from 
the conditions of the optimum as based upon the substituted crystal lattice 
theory. Therefore, the results indicate that the crystalline structure theory 
does not account for the luminescence of zinc borate glasses which con- 
tain manganese as the activator. 

In order to correlate this evidence with x-ray crystal analysis data, 
powder photographs of zinc borate glasses which contained manganese were 
taken. The specimens were exposed for the long period of two hundred and 
forty hours in a Hull powder x-ray diffraction apparatus. The resulting films 
presented no lines which would indicate the occurrence of crystal planes. 

Summary 

1. Zinc borate glasses which contain manganese have been found to 
exhibit fluorescence when exposed to ultraviolet light. 

2. The relation of intensity of fluorescence to concentration of man- 
ganese has been determined. 

3. The emission spectrum of fluorescence has been obtained and is a 
band extending from about 5670 to 6750 A. with its maximum in the region 
of 6100 A. 

4. The thermoluminescence emission spectrum has been obtained 
and has been found to be a band with a maximum at 6050 + 50 A. 

5. Results obtained have been interpreted in the light of the sub- 
stituted crystalline lattice theory. I t  is concluded from these results 
that this theory does not account for luminescence in zinc borate glasses. 

DENVER, COLORADO RECEIVED SEPTEMBER 12, 1932 
PUBLIS~D MARCH 7, 1933 
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The Effect of Ethylene Glycol upon the Activity of Sulfuric 
Acid in Aqueous Solutions 

Numerous studies have been made of the activities of electrolytes in 
aqueous solutions. A few studies have also been made of the effect upon 
activity produced by adding to the solutions such solvents as ethyl alco- 
ho1,l methyl alcohol2 and gly~erol.~ Such studies have importance in con- 
nection with the theory of solution, and they should aid also in gaining an 
understanding of the kinetics of reactions in mixed solvents. For example, 
it has recently been found4 that the inversion of sucrose in the presence of 
sulfuric and hydrochloric acids as catalysts is promoted a t  some concentra- 
tions of glycol and retarded a t  others. Such behavior calls for further 
study. This paper presents the results of a study, by electrometric 
methods, of the activity of sulfuric acid in aqueous solutions in the presence 
of ethylene glycol. 

Reagents.-Ethylene glycol was prepared for these experiments by the method 
which has been described previo~sly.~ The water which was used in making up the 
solutions was redistilled from alkaline permanganate solution in a still constructed 
throughout of Pyrex glass. C. P. sulfuric acid was used in making up stock solutions, 
whose acid content was then determined by precipitating the sulfate ion as barium sul- 
fate and weighing as such. The hydrogen was a commercial electrolytic product. A 
small quantity of oxygen was removed from it by passing i t  over a glowing platinum 
wire. It was then passed through a washing bottle filled with water, next through a 
washing bottle immersed in the bath and filled with the liquid which was to be studied, 
and then to the hydrogen electrode vessel. Mercury was purified by distillation by the 
method of H ~ l e t t . ~  Mercurous sulfate was prepared by the method of Wolff and 
Waters.' Two samples from different preparations and a special "analyzed" commer- 
cial material were used to make up a number of mercurous sulfate electrodes, each with 
molar sulfuric acid as the electrolyte, and these electrodes were carefully compared. 
They were found to give the same potentials to  one or two hundredths millivolt. Since 
the commercial material was satisfactory and more readily available i t  was used in 
nearly all of the experiments. 

I n  preparing the solutions the desired quantities of stock sulfuric acid solution and of 
glycol were weighed out and washed into a calibrated volumetric flask, the flask was 
then filled very nearly to the mark, agitating to ensure thorough mixing, and brought to  
25" in the thermostat. The meniscus was then brought exactly to  the mark by adding 
water, also a t  25 ", and the solution was again thoroughly mixed. 

Apparatus and Procedure.-The measurements were made using a calibrated po- 

(1) Among others: Harned and Fleysher, THIS JOURNAL, 47.92-95 (1925); Scatchard, ib id  , 47, 
2098-2111 (1925); 49,217-218 (1927); Bronsted and Williams, ib id . ,  50, 1338-1343 (1928). 

(2) Akerltif, ib id . ,  52, 2353-2368 (1930). 
(3) Lucasse, ibid.,  48, 626-631 (1926). 
(4) Young and Trimble, J .  Phys. Chem., 36, 830-841 (1932). 
(5) Trimble, Ind. Eng. Chem., 23, 165 (1931). 
(6) Hulett, Phys. Rev., 32, 257 (1911). 
(7) Wolff and Waters, Sci. Paper 70, U. S. Bureau of Standards, (1907). 
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tentiometer. A standard Weston cell of the unsaturated type, whose potential was 
certified by the manufacturers, was used as reference standard. Measurements were 
carried out in a thermostat filled with gas oil, and maintained at 25 * 0.02O. 

Fig. 1.-Cell assembly. 

A diagram of the complete cell as assembled is shown in Fig. 1 ; the device used for 
filling the mercurous sulfate half cell is shown in Fig. 2. Mercurous sulfate was first 
washed thoroughly with the solution to be used, and then the solution was saturated 
with it by rotating the two together for about twelve hours. The rubber stopper placed 
on the side tube of the electrode vessel was coated with Lubriseal to ensure an air-tight 
connection. Mercury was introduced into the vessel, the stopper bearing the tube with 

Fig. 2.-Device for filling mercurous sulfate electrodes. 

its platinum wire through which contact with the mercury was established was coated 
with Lubriseal and inserted, the small distilling flask was filled with the solution con- 
taining a suspension of mercurous sulfate, and then connected to the electrode vessel. 
Upon evacuation the solution was readily freed of its gases, and on releasing the suction 
the mercurous sulfate half cell was completely filled. Such electrodes were found to 
be practically a t  equilibrium a t  the start, and maintained constant and reproducible 
potentials, with a given solution, indefinitely. The hydrogen electrode vessel was a 



modified form of the Walpole vessel. The gas outlet tube prevented back pressure by 
allowing the gas to escape upward through a very narrow annular space. The vessel 
was filled with the same solution as was the mercurous sulfate half cell, but, of course, 
containing no mercurous sulfate. An H tube filled with the same solution served to 
connect the two half cells. 

After filling and assembling, the cell was placed in the bath and the liquid in the 
hydrogen half cell was thoroughly saturated with hydrogen, the cell being lightly stop- 
pered. The platinum electrode was, meanwhile, saturated with hydrogen by making 
it the cathode in a dilute solution of sulfuric acid, passing only a small current. When 
ready to start, the electrode was quickly washed with conductivity water, then several 
times with more of the solution which had been put into the cell, and then it was brought 
into its place. Readings were started a t  once and continued for four to six hours. The 
potential generally became constant in twenty to thirty minutes. No results were 
accepted from experiments in which the potential failed to remain constant thence 
throughout the time of observation. 

No variation in potential was a t  any time detected such as would indicate that glycol 
was combining with the acid. Special experiments were performed by one of us t c  de- 
termine whether glycol can combine either with sulfuric acid or hydrochloric acid. No 
reaction was ever found, since the titratable acidity remained constant for as long as 
five weeks. Acetic acid, on the other hand, showed a regular decrease in titratable 
acidity. The solutions contained as high as 3 moles of acid and 5 moles of glycol per 
liter. Glycol does not seem to poison platinized platinum electrodes; and the poten- 
tials are, if anything, more constant and reproducible in the presence of glycol than in its 
absence. 

Experimental Results 

The potentials as measured are set forth in Table I. Each value repre- 
sents the mean of at least three very concordant determinations. 

Mole HzSO4 
per liter 

0.005 
.025 
.050 
.25 
.50 

1.00 

Mole 
per ltter 

0.0 
.005 
.025 
.050 
.10 
.25 
.50 

1.00 

Mole glycol per liter 
0 1 5 10 

0.8162 0.8130 0.7994 0.7834 
.7738 .7705 .7592 .7453 
.7546 .7529 .7422 .7290 
.7152 .7108 .7018 .6904 
.6952 .6933 .6844 .6730 
.6744 .6730 .6633 ,6505 

Moles 
1 

of glycol per liter 
2 . 6  5 

1.0164 1.0364 
1.0167 1.0367 
1.0179 1.0379 
1.0194 1.0393 
1.0229 1.0424 
1.0319 1.0511 
1.0470 1.0655 
1.0765 1.0943 
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To evaluate the data properly it was essential to have, also, the densities 
of these solutions. These were determined at  25', using Sprengel type 
pycnometers, with the results as set forth in Table II. Values for solutions 
containing 0.005,0.025 and 0.050 mole of sulfuric acid per liter were secured 
by interpolation. Other values are as measured. 

Method of Calculating Activities 

The orthodox method for calculating the activities of electrolytes in 
solution from e. m. f. data using such cells as ours has been given by Lewis 
and Randal8 It involves the use of the equation, for sulfuric acid 

where a, is the geometric mean activity of the ions, -y is the activity coef- 
ficient, E is the electromotive force of the cell and EO is the value which is 
approached by the quantity in parentheses above, which is called EO', as 
the acid approaches infinite dilution in concentration. For our work it 
is necessary to take m as the number of moles of sulfuric acid in 1000 g. 
of solvent, whether this solvent be pure water or a mixture of water and 
glycol. This, in itself, is not particularly open to objection. It is the 
convention which is often adopted in connection with the equations of 
the Debye-Hiickel t h e ~ r y . ~  Even with this convention, however, the 
handling of the data is difficult. Extrapolations to infinite dilution cannot 
be made with certainty because the electromotive forces of cells using very 
dilute solutions cannot be determined with sficient accuracy. It happens 
that, in dilute solutions, in many cases the potentials of cells such as are here 
used are rectilinear functions of the logarithms of the mole fractions of the 
electrolytes in the solution. For sulfuric acid solutions, as will be shown, 
this is true up to concentrations of about 0.85 mole per liter. This permits 
the use of the equation, closely analogous to that of Lewis and Randall 

where N is the mole fraction of sulfuric acid in the solution, and EN is the 
limiting value of the quantity in parentheses, here called E;, which is 
found when the graph of EfN against loglo N is extrapolated to zero. I t  
must be emphasized that this equation describes the relations between the 
quantities represented for those solutions in which E is a rectilinear func- 
tion of log N. If this relation were to persist up to the point where pure 
sulfuric acid is reached, then we might reasonably take a ,  = N = 1. 
EN, then, would be the voltage of a cell such as ours, containing pure sul- 
furic acid. The graph of E; against log N up to a definite limit, as will 
be shown, is a straight line, which makes the extrapolated value, EN very 
easy to arrive at  and very certain. 

(8) Lewis and Randall, "Thermodynamics," McGraw-Hill Book Co , Inc., New York, pp. 332-335. 
(9) Lucasse, Ref. 3. p. 627. 
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To illustrate and justify the application of this equation, we have em- 
ployed the data for the cell (Hz, (m), Hg2S04, Hg) as given in "Inter- 
national Critical Tables."1° Table I11 will be self-explanatory. Values 
of N, the mole fraction, are readily found from the molalities of the solu- 
tions, using the equation 

Values of EL are plotted against log N in curve I of Fig. 3. The points 

4 3 2 1 
Fig. 3.-Graphs of values of EL vs. loglo N. 

from this table are indicated by means of circles. The data are adequately 
represented by the equation 

Eh = 0.5724 + 0.0287 log,, N (2) 

whence it follows that Ek = 0.5724. Obviously equation (2) ceases to 
hold for solutions in which loglo N is less than - 1.825. This corresponds 
to a concentration of approximately 0.85 molal. Since, by definition, 

(10) "International Critical Tables," Vol. VI, p. 323. 
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EL = E + 0.08873 loglo N, we may substitute in this equation the equiva- 
lent of E& from equation (2), and get 

E = 0.5724 - 0.0600 logto N (3) 
Using equation (3) and the proper values for N we have calculated E for 
the cells involved. Column 2 of Table IV gives these values; and, for 
comparison, column 3 gives the values of E from "International Critical 
Tables." Perhaps the best test of the essential correctness of the method 
lies in the fact that, as shown here, the potentials of galvanic cells using 
the various solutions of sulfuric acid can be calculated by means of equa- 
tion (3) with an average error of * 0.00065 volt, an accuracy which is of 
the same order of magnitude as the accuracy of the potentials given, which 
is, according to "International Critical Tables," about * 0.0002 volt. 
The potential calculated for 1.133 molal sulfuric acid has been omitted 
from this analysis of errors, as it  lies outside the range within which these 
equations hold accurately. The errors of prediction, moreover, are con- 
sistent, since three potentials as calculated are slightly too high and three 
are slightly too low, and the average positive and negative errors are very 
nearly the same. 

Substituting (2) in (I), we may write 
0.08873 log k'a, = EN - E& + 0.08873 loglo N (4) 

= (-0.0287 f 0.0887) loglo N = 0.0600 loglo N 
and 

0.0600 log10 k' a, = - 0.08873 logto N = 0.6766 log10 N (5) 

Using equation (5) we have calculated values of activity for these same 
solutions. They may be found in column 4 of Table IV. The activities 
of sulfuric acid in its solutions, as calculated from the data of Lewis and 
Randall" are given in column 6. The y values given by Lewis and Randall 
were plotted against the corresponding molalities. From the curve drawn 
through the points, values of y corresponding to the molalities of Table I V  
were read off and multiplied by the molalities to get a,. From the com- 
parative values it is obvious, however, that equation (5) gives, not activi- 

TABLE IV 
CHECK UPON THE METHOD OF CALCULATION 

Values of E and of a,, calculated 

m HpSO4 E calcd. E found 

0.005 0.8153 0.8160 
.05 .7553 ,7546 
.I112 .7345 .7343 
.2789 .7105 .7114 
.5607 .6925 .6929 
.8453 .6820 .6812 

1.133 .6744 .6720 

(11) Lewis and Randall, Ref. 8. pp. 344 and 357. 

a+ calcd. 

0.0041 
.0194 
.0332 
.0622 
.0993 
.I305 
.I588 

a+ from 
L. and R. 

0.0035 
.0199 
.0334 
.0600 
.0953 
.I345 
.I700 
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ties, but simply quantities proportional to them, namely, values of k' a,. 
On the average k' a, multiplied by the factor 2.240 gives values of activity. 
These are given in column 5 of the table. 

The agreement between these values of a,  and those calculated by 
means of equation (5) is fairly good. So far as the authors are aware, this 
method of calculating the activities of electrolytes in dilute solutions from 
electromotive force data has not previously been employed. 

This method of calculating activities has been applied to the data of our 
experiments. The essential data for the drawing of the curves and values 
of E calcd. are given in Table V. In this table N was calculated from the 
densities of the solutions and the weights of glycol and sulfuric acid known 
to be present. 

TABLE V 
H2SOcH20 (GLYCOL) SOLUTIONS, ESSENTIAL DATA FOR CURVES 
Part 1. No glycol Part 3. 5 Moles of glycol per liter 

htole Mole 
H2SO4 H2S.04 

per ltter N E& E found E calcd. per later N E b  E found E calcd. 

0 005 0.00009 0.4572 0.8162 0.8153 0.005 0.00011 0.4481 0.7994 0.7992 
025 .00045 .4768 .7738 .7731 .025 .00055 .4700 .7592 .7592 
050 .00090 .4843 .7546 .7549 .050 .00110 .4796 .7422 .7419 

.25 .0045 .5070 .7152 .7133 .25 .00550 .5013 .7018 .7019 
50 .0091 .5141 .6952 .6949 .50 .01118 .5112 .6844 .6842 
85 .0156 .6808 .85 .0192 .6708 

1 00 .0184 .5205 ,6744 .6766 1.00 .0227 .5174 .6633 .6666 

Part 2. 1 Mole of glycol per liter Part 4. 10 Moles of glycol per liter 

00050.0000940.45570.81300.8121 0.0050.0001430.44220.78340.7835 
.025 .00047 .4752 .7705 .7705 .025 .000714 .4660 .7453 .7452 
050 .00094 .4843 .7529 .7526 .050 .00143 .4766 .7290 .7286 

.25 .00471 .5043 .7108 .7110 .25 .00714 .4998 .6904 .6903 

.50 .00946 .5137 .6933 .6929 .50 .0145 .5098 .6730 .6733 

.85 .0162 .6790 .85 .0251 .6603 
1.00 .0191 .5205 ,6730 .6747 1 .OO .0297 .5150 ,6505 .6562 

On plotting the values of EL against loglo N in each case the following 
equations, analogous to equation (3), are found to represent the data very 
satisfactorily 

Eh = 0.5724 + 0.0287 loglo N (210 
E& = 0.5724 + 0.0292 loglo N (211 
E$ = 0.5724 + 0.0314 loglo N (2)s 
Ek = 0.5724 + 0.0338 loglo N (2110 

The subscripts of the equation numbers in each case refer to the number of 
moles of glycol present per liter of solution. The curves are numbers 2, 
3 and 4 of Fig. 3. The curve for solutions containing no glycol falls upon 
that found from the data from "International Critical Tables," discussed 
above. Since the constant term of the linear equation comes out the same 
in each case, it is unnecessary in this method of calculation to derive a rela- 
tion between limiting values of E X  for different concentrations sf glycol 
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in order to be able to calculate activities in solutions containing glycol in 
relation to those which contain no glycol.12 The activities, then, are func- 
tions only of the mole fraction of the sulfuric acid and the concentration 
of glycol in the solution. Proceeding just as before (equation 3) i t  may 
be shown that the following equations hold for the voltages of the cells 
at  different concentrations of glycol. 

E = 0.5724 - 0.0600 loglo N (310 
E = 0.5724 - 0.0595 logla N ( 3 ) ~  
E = 0.5724 - 0.0573 loglo N (318 
E = 0.5724 - 0.0549 loglo N (3110 

A comparison of the values of "E calculated" with those found, as set 
forth in Table V, shows the validity of our method of calculation. It ap- 
pears, again, that the range over which it holds does not quite extend to 
one mole of sulfuric acid per liter. It seems reasonable, in view of the 
agreement shown in Table IV, to assume that it holds, within the limits of 
experimental error, to concentrations as great as 0.85 mole per liter. Ex- 
periments just completed give for 5 moles of glycol and 0.85 mole of sulfuric 
acid per liter, a voltage of 0.6707, in excellent agreement with the calcu- 
lated value which is 0.6708. Partial data for this concentration of sulfuric 
acid have, therefore, been inserted in Table V. 

Proceeding as in the derivation of equation (5) we have for calculation 
of values of k'a, 

loglo k' a, = 0.6766 loglo N (510 
loglo k' a, = 0.6706 foglo N (5)x 
loglo k' a, = 0.6461 loglo N (516 
loglo k' a, = 0.6191 loglo N (5)10 

k' a ,  is here used, since, as has been shown, the calculated value is only 
proportional to, not equal to a,. This latter value is found in each case 
by multiplying k' a ,  by the factor 2.240. The values of a ,  as calculated 
are shown in column 3 of Table VI. 

The equations developed above by means of which E and k' a ,  may be 
calculated from our data invoke, in the coefficients of the variable terms, 
the slope of the straight line which is obtained when EL is plotted against 
loglo N for each number of moles of glycol per liter. This slope is a recti- 
linear function of the number of moles of glycol per liter in the solutions. 
The relation is k = 0.0287 + 0.00052 G where k is the multiplying factor 
in the equation EL = 0.5724 + k loglo N for any given number of moles 
of glycol per liter, and G is the number of moles of glycol. We may now 
write the following general equations, which give E and k' a ,  in terms of 
moles of glycol per liter and mole fraction of sulfuric acid for any such solu- 
tions as these 

E = 0.5724 - 10.0887 - (0.0287 f 0.00052 G)] loglo N (6) 
= 0.5724 - [0.0600 - 0.00052 GI log10 N general 

(12) See Scatchard, THIS JOURNAL, 47, 2105 (1925). 



and 
(5) 

general 

TABLE VI 

H2S04-H20-G~~co~ SOLUTIONS. VALUES OF m, U i  FOR AND F OF THE REACTION 

Part 1. No glycol Part 3. 5 Moles of glycol per liter 
Mole Mole 
HzS.04 AF. HzSO4 AF 

per liter m a+ reactton 7 per liter m a* reaction r 

Part 2. 1 Mole of glycol per liter 
0.005 0.005 0.0045 -37,478 0.900 

.025 .025 .0131 -35,553 .524 

.050 .050 ,0209 -34,728 .418 
.25 .251 .0617 -132,811 .246 
.50 .507 .0984 -31,972 .I94 
.85 .873 .I401 -31,335 .I61 

1.00 1.031 .I577 -31,136 .I53 

Part 4. 10 Moles of glycol per liter 
0.005 0.005 0.0094 -36,157 1.880 

.025 .023 .0253 -34,390 1.109 

.050 .047 .0388 -33,624 0.826 
.25 .236 .lo48 -31,856 .444 
.50 .476 .I628 -31,072 .342 
.85 .821 .2286 -30,472 .272 

1 .OO .972 .2540 -30,283 .261 

0.0 0.2 0.4 0.6 0.8 1.0 
Moles of H2S04 per liter. 

Fig. $.-Variation of activity with sulfuric acid concentration. 
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Since A F  = - NFE, the free energy of the reaction 
Hz + HgzSOd 2Hg + HzSOd 

in the presence of glycol may be calculated by the equation 
A P  = -2 X 23,074 10.5724 - (0,0600 - 0.00052 G) loglo Nl (7) 

These free energy values are set forth in column 5 of Table VI. The calcu- 
lated values of a,  and A F  for solutions containing 1 mole of sulfuric 
acid per liter are somewhat in error since the equations apply only up to 
about a concentration of 0.85 mole of sulfuric acid per liter. The trend of 
the free energy of the reaction as glycol is substituted for water may be 
seen from these values. For the sake of completeness, values of -y are 
set forth in the last column of Table VI. 

0 1 5 10 
Moles of glycol per liter. 

Fig. 5.-Variation of activity with added glycol. 

In Fig. 4 the variation of activity with concentration of sulfuric acid for 
each of the concentrations of glycol is shown. 'In Fig. 5 the variation of 
activity with concentration of glycol for each of the concentrations of 
acid is shown. As will be seen, the variation of activity of the acid which 
is brought about by substituting glycol for water is normal and regular 
in every way. 

Summary 

The activity of sulfuric acid in the system H2SOrH20-C2H4(OH)2 has 
been studied up to 1 mole of acid and 10 moles of glycol per liter. A new 



method for calculating activities in such solutions has been presented. 
The activity of sulfuric acid has been found to vary regularly with change 
in the concentration of glycol present. Abnormalities in the inversion of 
sucrose in the presence of ethylene glycol, as catalyzed by sulfuric acid, 
cannot be attributed to abnormal variations in the activity of the acid in 
the presence of glycol. 

STILLWATER, OKLAHOMA RECEIVED SEPTEMBER 13, 1932 
PWLISHED MARCH 7,1933 

[CONTRIBUTION FROM THE DEPARTMENT OF PHYSIOLOGY, SCHOOL OF PUBLIC HEALTH, 
KARVARD UNIVERSITY ] 

A Rapid Micro Method for the Determination of Chlorides in 
Fluids 

BY LAWRENCE T. FAIRHALL AND J. WILLIAM HEIM 

The following method of chloride determination was devised especially 
for the analysis of very small amounts of fluids and in particular those of 
biological importance. Certain body fluids, such as peripheral lymph, or 
the blood of very small animals, or of insects, can be obtained only in such 
small quantities that analyses hitherto have been very difficult or out of the 
question. 

A necessary step in the volumetric determination of chlorides by means 
of silver nitrate is that of exactly estimating the excess of silver used in 
precipitation. Field1 in 1860 employed iodine dissolved in potassium 
iodide solution using starch for the end-point, having first neutralized the 
excess of nitric acid in the solution. King2 reduced the amount of nitric 
acid (which interferes with the starch end-point), filtered the silver chloride 
suspension and titrated the filtrate with potassium iodide solution, using 
sodium nitrite to oxidize the excess of iodide. McLean and Van Slyke3 

using the same procedure considerably sharpened the end-point by the 
introduction of a buffer salt--sodium citrate. In the iodimetric method, 
as in the Volhard method, it is necessary to filter the excess of silver nitrate 
from the precipitated silver chloride, before completing the titration with 
potassium iodide; otherwise the latter reacts with the solid silver chloride. 
For very exact work it has also been shown4 that i t  is necessary to remove 
the precipitated silver iodide just before the end-point is reached, as other- 
wise the latter is obscured. 

The filtration and washing are not only time-consuming but so dilute the 
sample that for very small amounts of chloride the accuracy is diminished. 
This step has been eliminated in the following method by carrying out the 

(1) Field, Chem. News, 4, 17 (1860). 
(2) Ring, Merck's Rept., 18, 57 (1909). 
(3) McLean and Van Slyke, THIS JOURNAI.. 37, 1128 (1915). 
(4) Lamb and Fairhall, ibid., 45, 390 (1923). 
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entire analysis in a single 15-cc. centrifuge tube and centrifuging out the 
silver chloride and the silver iodide a t  the appropriate points. The silver 
halide forms a hard, compact mass a t  the tip of the centrifuge tube, 
presenting but little surface, and gives no evidence of interference with the 
end-point in periods of time much in excess of that required for completion 
of the titration. Therefore no extra manipulation or washing is re- 
quired and the analysis may be carried to completion in the one tube with- 
out transference. 

Exact volume measurements of the small amounts of fluid or of the 
solutions used constitute a necessary step in the procedure and were made 
by means of extremely fine bore capillary pipets made from thermometer 
tubing of 0.3-0.5 mm. internal diameter. These pipets are easily made by 
blowing a bulb in the middle of a convenient length of this tubing and 
calibrating between two points. One end of the tube should be drawn 
out to a fine point. By using a fine tip the usual tendency to wet the out- 
side of the tube by the creeping back of liquid was avoided. Typical 
sampling pipets had volumes of 0.0738 cc. and 0.1106 cc. The silver ni- 
trate solution was also measured from a special pipet of about l-cc. volume 
which was provided with a three-way capillary stopcock and a reservoir. 
A calibrated microburet of 5-cc. capacity was used for titration with the 
potassium iodide solution. 

Fluids containing protein may be directly analyzed for chloride content 
by first precipitating the protein with tungstic acid and centrifuging. 
The usual reagents are then added to the supernatant fluid without dis- 
turbing the precipitate. This procedure considerably simplifies the analy- 
sis of such fluids as blood and lymph. 

Method of Analysis 
The method finally adopted is as follows. To a 15-cc. centrifuge tube add about 

0 5 cc. of water and introduce the sample (about 0.1 cc ) using the accurately calibrated 
sampling pipet for this purpose. Wash the sides of the tube with a little water and stir 
well with a small stirring rod, which is left in the tube. Add 1 cc. of tungstic acid pro- 
tein precipitant (when the tungstic acid reagent becomes cloudy it must be discarded) 
and stir thoroughly. Remove the stirring rod and rinse with a few drops of water. 
Again wash the sides of the tube with water and centrifuge a t  high speed for three or 
four minutes. The precipitated proteins will be thrown down as a iirm mass in the 
case of serum or blood, leaving a water-clear supernatant liquid. Add an accurately 
measured excess of silver nitrate solution (about 1.5 cc. of silver nitrate solution, 1 cc. 
of which is equivalent to I mg. of sodium chloride and which contains 250 cc. of nitric 
acid per liter of solution). Shake the contents of the tube gently to ensure thorough 
mixing and centrifuge at  high speed for two or three minutes. The silver chloride will 
be thrown onto the protein precipitate as a fine, compact layer. From the microburet 
add standardized potassium iodide solution (half the equivalent strength of the silver 
nitrate solution) to within a few drops of the end-point. Thoroughly mix and add I 
cc. of nitritecitrate buffer (20 g. of sodium nitrite and 446 g. of sodium citrate per liter 
of solution) and starch paste. Centrifuge for a minute or so at  high speed. The silver 
iodide will be thrown out, leaving a clear supernatant liquid. Unless the bulk of silver 



iodide is so removed a t  this point, it  obscures the end-point. Continue the titration to 
that point at which the first faint permanent color appears when looking down through 
the tube. The tube may be stoppered and gently inverted to ensure thorough mixing 
a t  this last stage of titration without disturbing the precipitate While in the centri- 
fuge it is well to keep the tubes capped on all occasions in order to prevent contamina- 
tion with chloride bearing dust. Once the solutions are accurately adjusted and the 
apparatus calibrated, the actual analysis of blood serum or of lymph requires but fifteen 
or twenty minutes. 

Determinations of known amounts of pure potassium chloride by this method and 
comparison with the similar macro volumetric method involving filtration and washing 
gave excellent results. Analyses were also made of serum, of whole blood and of serum 
to  which known amounts of potassium chloride had been added. These results are 
shown in Table I. 

Normality N o  of Cl Max. Av. Av. 
of AgNOv analy- present, error, error, deviation, 

Material soln. ses mg. % % % 
Pure KC1 0.03418 20 0.71-0.45 - 2.7  - 0.07 0.74 
P ~ e  KC1 .01709 4 0.30 - 2.7 - 2.1 .60 
Serum .01709 7 0.31 - 2 .3  - 0.6  .15 
Serum + 0 . 3  mg. KC1 .01709 10 0.61 - 2.8 - 1.8 1 . 4  
Whole blood .01709 13 0.31-0.37 - 4.5 - 1.3  2 .5  

It is apparent that in 20 determinations of pure potassium chloride 
ranging in amount from 0.71 to 0.45 mg. the average error was -0.07% 
with a maximum error of 2.7%, while in four determinations of a smaller 
amount of potassium chloride (0.30 mg.) the average error was -2.1%, 
with a maximum error of -2.7%. With serum, serum containing known 
added amounts of potassium chloride and with whole blood, the average 
error varied from - 0.6 to - 1.8%, the maximum error being - 4.5% in the 
case of one of the whole blood analyses. The average error of all the 
analyses was - 1.3%. 

Summary 
A rapid micro method for the determination of the chloride content of 

biological or other fiuids is described, With this method it is possible to 
determine a fraction of a milligram of chloride in 0.1 cc. of solution with an 
accuracy of about 2%. 

BOSTON, MASSACHUSETTS RECEIVED SEPTEMBER 15, 1932 
PUBLISHED MARCH 7, 1933 
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The Heat Capacity and Entropy of Calcium Oxalate from 19 
to 300" Absolute. The Entropy and Free Energy of 

Oxalate Ion 

The determination of the entropy of oxalate ion is an important step 
in the program for the evaluation of ionic entropie~,~ since we wish to use 
its value in obtaining the entropies of a number of positive ions, especially 
those of the rare earth group. Moreover, it is of interest theoretically, 
as there are but few simple divalent negative ions. 

The heat capacity of CaCzO4.Hz0 was measured directly from 19.31 to 
300°K. using the experimental method described by Latimer and Greens- 
felder." The heat of solution and free energy of solution were calculated 
from solubility data. The entropy of calcium ion was calculated from 
existing data. 

Material.-The calcium oxalate used was prepared by precipitation 

TABLE I 
HEAT CAPACITY OF CaCzOd.He0 

Molecular weight, 146.09 
Cp/mole in 

T, OK. cal./deg. 

81.72 12.218 
87.06 13.178 
91.54 13.948 
97.28 14.922 

101.36 15.626 
105.74 16.314 
111.25 17.150 
117.98 18.043 
123.74 19.087 
128.81 19.834 
133.99 20.182 
138.95 20.800 
144.15 21.363 
149.34 22.194 
154.90 22.858 
160.69 23.500 
165.55 24.190 
173.23 24.860 
180.71 25.703 
194.87 27.226 

(1) For the general theory and previous determinations see (a) Latimer and Buffington, THIS 
JOURNAL, 48, 2297 (1926); (b) Latimer, ibid., 48, 2868 (1926); (c) Latimer and Greensfelder, ibid., 60, 
2202 (1928); (d) Latimer, J. Phys. Chem., 31, 1267 (1927); (e) Latimer and Kasper, THIS JOURNAL, 
61, 2293 (1929); (f) Greensfelder and Latimer, ibid., 50, 3286 (1928); (g) Latimer and Ahlberg, ibid., 
62, 549 (1930); (h) Latimer and Ahlberg, 2. physik. Chem., Abt. A, 148, 464 (1930); (i) Latimer and 
Ahlberg, Tms JOURNAL, 64, 1900 (1932). 



from calcium chloride solution with ammonium oxalate. The chloride 
solution was kept a t  about 70' and the precipitation took place over a 
period of three days. The reaction mixture was stirred constantly. The 
precipitated material was washed by decantation until the washings gave 
no test for chloride with silver nitrate. This washed material was dried 
a t  105O and the dried product showed 100.00770 CaCz04.Hz0 on the basis 
of oxide formed on ignition. Specific heat measurements were made on a 
sample weighing 73.50 g. 

Measurements.-The molal heat capacity values fall on a smooth 
curve up to 200°K. and deviate only slightly above that temperature. 
The experimental data are given in Table I and are shown graphically in 
Fig. 1. The temperature intervals employed in various regions were as 
follows: 19 to 30°K.,about 3' per run; 3 0 t 0 2 0 0 ~ K . , a b o u t 5 ~ p e r  run; 
above 200°K., from 5 to 8' per run. 

1.0 1.2 1.4 1.6 1.8 2 0 2.2 2.4 
Log T. 

Fig. 1.-Molal heat capacity of calcium oxalate. 

Entropy of Calcium 0xalate.-The entropy of calcium oxalate was 

obtained by a graphical integration of the expression S = C, d In T using "r 
the curve shown in Fig. 1. The curve below 19.31°K. was extrapolated by 
means of the Debye T 3 rule. A summary of the entropy calculations is 
given in Table 11. 

0-19.31 O K .  Extrapolation 0.08 E. U. 
19.31-298.1 OK. Graphical 37.20 E. U. 

Entropy of calcium oxalate at 298.1 OK. 37.28 E. U. 
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Heat of Solution.-The heat of solution of calcium oxalate was calcu- 
lated from the solubility-temperature coefficient data of Kohlrausch2 by 

In The solubility product, K, was means of the relation AH - -R --- 
d(l/T)' 

evaluated from the molal solubility and the activity coefficient, y, calcu- 
lated from the Debye-Hiicbel expression -log y = cz2<p. The factor 
c has the values 0.505 at  25' and varies as (TD)-'Is, where T is the abso- 
lute temperature and D the corresponding dielectric constant. Fosbinder3 

finds this expression for log y to hold for calcium sulfate up to a molality 
of 0.01. The solubility of calcium oxalate a t  25O is 4.85 X lo-= mole per 
liter,2 and the hydrolysis is negligible at this concentration. This calcu- 
lation leads to a value of 5087 calories for AH. The data are shown 
graphically in Fig. 2a. Holleman4 and Aumeras5 give the same values 
for the solubility a t  18 and 20°, respectively, as does Kohlrausch. 

-8.0 -8.5 -9.0 
Log K. 

Fig. 2.-Solubility of calcium oxalate. 

Assuming the three values given by Richards, McCafTrey and Bisbee6 

to constitute a smooth curve, as shown in Figure 2b, the slope of this 
(2) Kohlrausch, Z. physik. Chem., 64, 168 (1908). 
(3) Posbinder, THIS JOURNAL, 51, 1345 (1929). 
(4) Holleman, Z. physik. Chem., 12, 129 (1893). 
(5) Aumeras, J. chim. phys., 24, 43 (1927). 
(6) Richards, McCaffrey and Bisbee, Z. anorg. Chcm., 28, 71 (1901). 



curve a t  25' is the same as that of the curve obtained from Kohlrausch's 
data, thus giving the same value for the heat of solution. 

Free Energy of Solution.-The free energy of solution was calculated 
from the above data, using the expression A F O  

= -RT In K. The values 
obtained were 11,740 calories (Richards and co-workers) and 11,843 calories 
(Kohlrausch). The mean of these gives 11,791 calories as the value of A F O.  

Coupled with the heat of solution above this gives for the entropy of 
solution of calcium oxalate: 

Entropy of Oxalate Ion.-Using this value for the entropy of solution, 
the entropy of the solid as given above and the entropy of water 16.9, as 
calculated by Giauque? we have for the sum of the entropies of calcium 
and oxalate ions, 37.28 - 22.5 - 16.9 = -2.12. 

In order to determine the entropy of the oxalate ion in respect to H+ = 
0, the data summarized in Table I11 were used to evaluate the entropy of 
the calcium ion. 

TABLE I11 

THE ENTROPY OF IONIZATION OF WATER AND THE ENTROPY OF CALCIUM HYDROXIDE IN 

AQUEOUS SOLUTION 
Entropy of Sum of 
substance ionic entropies, 
298.1°K. AH cal. AP cal. AS E. U. E .  U. 

Hz0 16. g7 13,32g8 19,1229 -19.43 - 2.53 
Ca(OH), 18.241° -3,3859 6,9609 -34.7 -16.5 

From these values the entropies referred to So
H+ = 0 are: OH-, -2.53 

and Ca + +, - 11.4. Using the sum of the entropies of calcium and oxalate 
ions as given above, we have for the oxalate ion S0298.1 = 11.4 - 2.1 = 
9.3 E. U. 

Free Energy of Oxalate .Ion.-Roth and Eyemann" give -28,110 
calories for the heat of neutralization of oxalic acid. Using this with the 
"Critical Tables" value for the heat of formation of the aqueous acid and 
Rossini'ss heat of ionization of water and correcting to 298.1°K. we have 

HZ + 2C(g) + 202 = 2Hf + Cz04' A H  = -195,000 calories 

Using the entropies Hz, 31.2;12 C (graphite), 1.3;13 02, 49.0;14 H+, 0 
and CzO4', 9.3, we calculate A S  = 9.3 - 31.2 - 2.6 - 98.0 = - 123. 

(7) Giauque, to be published in Phys. Ra. 
(8) Rossini, Bur. Standards J. Research, 6,847 (1931). The values for AH, AF and AS for water re- 

fer, of course, to the reaction, HzO(1) = H + + OH-, and for Ca(0H)t to  Ca(OH)a(s) = Ca + +  + 20H- . 
(9) "International Critical Tables." The AH of solution fot Ca(0H)r has been corrected to 298.1, 

using Rossini's value for Cp of OH- and a calculated value of 14 cal./deg. for Ca++. See Rossini, 
Bur. Standards J .  Research, 7, 47 (1931). 

(10) Nernst and Schwers, Silzb. Akad. Wiss. ,  Berlin, 366 (1914); Koref, Ann. Physik, [4] 36, 61 
(1911); Ewald, ibid., [4] 44, 1213 (1914). Heat capacity data were obtained from these sources and 
the entropy calculated by the method used for calcium oxalate above. 

(11) Roth and Eyemann, Z. physik. Chem., 143, 321 (1929). 
(12) Giauque, THIS JOURNAL, 63, 4816 (1930). 
(13) Lewis, Gibson and Latimer, ibid 44, 1008 (1922). 
(14) Giauque and Johnston, ibid., 61, 2300 (1929). 
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With the heat of reaction as given above, this gives AFO = - 195,000 + 
(298.1 X 123) = -158,000 calories for the free energy of formation of 
oxalate ion. 

Summary 

The specific heat of CaC204-H20 has been measured from 10 to 300°K. 
and the entropy of the salt determined by graphical integration. Coupling 
this value with the entropy of solution and the entropy of calcium ion as 
herein calculated, the entropy of oxalate ion has been determined. A 
value for the free energy of oxalate ion has been calmlated. 

BERKELEY. CALIFORNIA RECEIVED SEPTEMBER 19, 1932 
PUBLISHED MARCH 7,1933 

Solubility of Nitrogen in Liquid Ammonia at 25" from 25 to 
1000 Atmospheres 

Very few measurements have been made on the solubility of gases in 
liquid ammonia. The most extensive were made by Larson and Black1 on 
the solubility of a 3 : 1 hydrogen-nitrogen mixture over a temperature 
range from -25 to +22O and up to 150 atmospheres. A rough incidental 
measurement of the solubility of hydrogen in liquid ammonia a t  -70° was 
made by Schlubach and B a l l a ~ f . ~  Aside from the practical importance, 
the knowledge of solubilities is of importance for any theory of solutions. 

Apparatus and Procedure 

Figure 1 shows the apparatus. Synthetic ammonia was fractionated and the 
middle portion was condensed into steel cylinder A of about 1400 cc. capacity. Nitro- 
gen at  a pressure somewhat in excess of the final equilibrium pressure was introduced and 
the steel cylinder after being disconnected, was shaken by means of the eccentric D. 
The shaking motion was stopped after a few hours and the pressure was adjusted to the 
final value through C which was connected both to the piston gage and the compression 
system. The apparatus was then shaken at  this pressure and if necessary the procedure 
was repeated, until equilibrium was established as indicated by no further pressure 
change. Several independent sets of runs were taken at  each pressure. No trend was 
observed in the results, showing that equilibrium must have been reached. 

The receiving apparatus was evacuated up to the mercury seal maintained in the 
capillary between G and the buret system H. E was immersed in liquid air. Valve B 
was then opened slightly, permitting a mixture of ammonia and nitrogen to enter the 
receiving apparatus. The ammonia was condensed in E and the nitrogen expanded 
into the Toepler pump. When the sample was considered to be sufficiently large, valve 
B was closed and the Toepler pump G was operated in order to transfer the nitrogen into 

(1) Larson and Black, Ind. Eng. Chem., 17, 715 (1925). 
(2) Schluhach and Ballauf, Ber., 14, 2825 (1921). 
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the buret system H. The gas was measured partly in a 12-bulb buret, each bulb having 
a volume of approximately 25 cc., and the excess in a 50-cc. straight buret, Mercury 
was used exclusively. 

The steel cylinder I?, having a weight of approximately 190 g., was used to collect 
the ammonia through distillation from E. The steel cylinder was weighed empty be- 
fore and after each measurement; the difference was ordinarily less than 2 mg. The 
average of the two values was used. Since in most cases the weight of ammonia ranged 
from 4 to 5 g., this uncertainty amounted to less than 0.05%. Small amounts of ammo- 
nia were carried through trap E by the nitrogen. These traces were later recovered by 
absorption in water and determined by titration. This correction was of importance a t  
the lowest pressilren, where the total amount of gas was small; a t  higher pressures the 
correction was ordinarily less than 0.5%. 

Pressures were measured by means of two piston gages described by Bartlett and 
co-workers. 

The nitrogen was 99.9% pure, the impurities being argon and traces of oxygen. 
The water content of the ammonia was 0.0'7%. 

The apparatus was tested by measuring the solubility of nitrogen in water a t  100, 
200 and 300 atmospheres and 25". The agreement with known values was within 
abdut a tenth of one per cent.* 

Discussion of Results 

Table I and Fig. 2 give a summary of the results. 

Total 
pressure 

25 
50 

100 
200 
400 
600 
800 

1000 

Number of 
runs 

21 
13 
6 
8 

19 
10 
21 
16 

Solubility in cc. 
of nitrogen (S. T. P.) 

per g. of ammonia 

2.22 
5.73 

12.04 
22.48 
37.02 
45.43 
51.10 
54.83 

The error is estimated to be several tenths of one per cent. and may be 
of the order of one per cent. a t  the lowest pressure. Sources of error were 
the impurities in nitrogen and ammonia, uncertainties in calibration, 
weighing, titrating and possibly changes in solubility due to slight pressure 
fluctuations during the run. 

As will be noted from the curve in Fig. 2, zero solubility is attained close 
to ten atmospheres total pressure. The vapor pressure of liquid ammonia 
a t  2 5 O  is 9.8955 atm~spheres.~ 

Results for the amount of gas dissolved at  any particular partial pressure 
of nitrogen could not be given for lack of adequate equations of state a t  
the high pressures used. 

(3) Bartlett, Cupples and Tremearne, THIS JOURNAL, 60, 1275 (1928). 
(4) The values so obtained were published by Wiebe, Gaddy and Heins, Ind.  Eng Chem., 24, 927 

(1932). 
(5) Cragoe, Meyers and Taylor, BUS ~f Stwdards Scientific Paper No. 309 (1920); also Tms 

JOURNAL. 42,206 (1910). 



Lurie and Gillespie6 have calculated the equilibrium pressure of am- 
monia in a nitrogen-ammonia mixture using an equation of state for mix- 
tures up to 60 atmospheres total pressures and found satisfactory agree- 
ment with their composition measurements. Randall and Sosnick7 applied 
the generalized Raoult's law8 to gaseous solutions. They found that for 
solute gases below their critical temperature, the method led only to rough 
quantitative results and would therefore be of little use in this work. 

- 

0 100 200 300 400 500 600 700 800 900 1000 
Total pressure of nitrogen on liquid NHs. 

Fig. 2. 

The authors are indebted to Mr. W. L. Edwards for the design of the 
shaking apparatus. 

Summary 
A satisfactory high pressure apparatus for measuring solubilities of gases 

in liquids having high vapor pressures has been described. 
The solubility of nitrogen in liquid ammonia at  25' and from 25 to 1000 

atmospheres has been determined. 
WASHINGTON, D. C. . RECEIVED SEPTEMBER 22, 1932 

PUBLISHED MARCH 7,1933 

(6) Lurie and Gillespie, THIS JOURNAL, 49, 1146 (1927). 
(7) Randall and Sosnick, ib id . ,  50, 967 (1928). 
(8) Lewis and Randall, "Thermodynamics," McGraw-Hill Book Co., New York, 1923, p. 222. 
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A Study of the Reactions of Free Ethyl Radicals from the 
Thermal Decomposition of Tetraethyllead1 

It has long been assumed that the thermal decomposition of hydrocar- 
bons of the paraffin series takes place first by the scission of a C-C bond 
with the formation of free alkyl radicals, followed by the reactions of these 
radicals with each other or with hydrocarbon molecules to produce olefin 
and smaller paraffin hydrocarb~ns.~ Rice, Johnston and Evering have 
recently demonstrated the existence of free alkyl radicals obtained by de- 
composing paraffin hydrocarbons and a~etone.~ In view of the impor- 
tance now being attributed to free radicals, a study of the reaction products 
of a wide variety of them reacting with each other in the absence of other 
substances, so far as this is possible, is desirable. For if the thermal de- 
composition of hydrocarbons consists of splitting into radicals which then 
react to form the final products, a study of the reactions of the radicals 
themselves should throw considerable light on the mechanism of hydro- 
carbon decomposition. Certain of the metal alkyls offer an interesting 
possibility for such a study. This is especially true of the lead alkyls since 
Paneth and his co-workers have demonstrated that both tetramethyl- and 
tetraethyllead break down when heated to produce free radicah4 Rice 
and his co-workers have shown that the free radicals obtained from the lead 
tetra-alkyls have identical properties with those obtained by the thermal 
decomposition of hydrocarbons and a~etone.~ A special advantage is 
obtained by using the lead alkyls to produce the free radicals because they 
decompose at temperatures considerably lower than those at  which hydro- 
carbons decompose, that is, a t  which rupture of a C-C bond occurs. Hence 
by the low temperature decomposition of tetraethyllead, free ethyl radicals 
may be obtained and their reactions studied without the possibility of 
decomposition occurring within the radicals themselves. 

The thermal decomposition of tetramethyllead has been studied by 
Simons, McNamee and Hurd, who report that two sets of reactions occur, 
one set taking place on the walls of the reaction vessel, the other in the 
homogeneous gas phase.5. Geddes and Mack studied the thermal de- 
composition of tetraethylgermanium, their interest being centered upon 
the rate of the decomposition rather than upon the products f ~ r m e d . ~  

(1) Part of the material contained in this paper was presented at the Buffalo meeting of the 
American Chemical Society, Sept., 1931. 

(2) See (a) Hurd, "The Pyrolysis of Carbon Compounds," The Chemical Catalog Co.. 1929; 
(b) Rice. THIS JOURNAL, 53, 1959 (1931). 

(3) Rice, Johnston and Evering, ibid., 54, 3529 (1932) 
(4) (a) Paneth and Hofeditz, Ber., 62, 1335 (1929); (b) Paneth and Lantsch, Nature, 125, 564 

(1930). 
(5) Simons, McNamee and Hurd, J. Phys. Chem., 36, 939 (1932). 
(6) Geddes and Mack, THIS JOURNAL, 62, 4372 (1930). 



Taylor and Jones decomposed tetramethyllead, tetraethyllead and diethyl- 
mercury in the presence of ethylene. They were studying the effect of 
free ethyl and methyl groups upon e th~lene .~  Ipatjev, Bogdanov and 
Razuvaev have investigated the action of hydrogen a t  high pressures upon 
tetraphenyl-, tetramethyl- and tetraeth~llead.~ 

The present work is an attempt to determine how free ethyl radicals, 
split off from tetraethyllead, react with each other, by a study of the 
reaction products. The experiments were carried out under a wide 
variety of conditions. Liquid tetraethyllead was decomposed at  its 
boiling point; the flow method was used a t  atmospheric pressure and a t  
low pressure; the static method was used a t  several temperatures and 
pressures and in the presence of nitrogen and of Pyrex glass packing. Each 
of these methods has its advantages and disadvantages. The flow method 
would appear to be the best for our purpose, for under these conditions 
the concentrations of tetraethyllead and of the hydrocarbon products are 
uniform throughout the experiment. These conditions give the best chance 
of studying the reactions of the free radicals without complicating side re- 
actions. However, the very fact that the concentrations of starting ma- 
terial and of products are constant may serve to mask any effect they might 
have upon the reactions. The static method would probably show whether 
or not uniform concentration is an important factor in the results obtained 
by the flow method, for in the former method the conditions are constantly 
changing. The disadvantage of the static method is that initially the 
concentration of tetraethyllead is very high compared to that of the free 
ethyl groups, and at  the end of the experiment the concentration of hydro- 
carbon products is very high, so that the reactions might change con- 
siderably in nature and amount during the course of the heating. The 
results of experiments by the static method must therefore be regarded as 
the composite results of a series of reactions which may change in rate 
more or less uniformly during the course of the experiment. 

Experimental 
The tetraethyllead used in these experiments was the commercial grade purified 

by the method recommended by Ca1ingaert.O In  the experiments made by the static 
method and in those using the flow method at  low pressure, the purified material was 
further distilled in high vacuum at  room temperature. 

The method of gas analysis used was that given by Hurd and Spence.10 It was 
found, in agreement with these authors, that butane was absorbed slowly in the fuming 
sulfuric acid pipet, along with ethylene. To allow for this, the gas was passed into this 
pipet several times until a constant amount was absorbed in each passage. A correction 
was then made to the butane and ethylene percentages. This correction was deter- 
mined separately for each analysis. In the combustion analysis of the hydrocarbons 

(7) Taylor and Jones, THIS JOURNAL, 63, 1111 (1930). 
(8) Ipatjev, Bogdanov and Razuvaev, J .  Russ. Phys.-Chem. Soc., 61,  1791 (1929). 
(9) Calingaert, Chem. Rev., 2, 56 (1925). 
(10) Hurd and Spence, TaIs JOURNAL, 51, 3356 (1929). 
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of the saturated series, it was found that the average number of carbon atoms in the 
molecule ranged from about 2.5 to 3.5. These gases were calculated as ethane and bu- 
tane, since it was certain that a t  the low temperatures used in the experiments the butane 
formed in the reaction would not decompose to form either propane or methane, neither 
would these gases be expected to form from the free ethyl radicals. To justify this 
assumption, several samples of the gaseous reaction products were fractionated by means 
of liquid air, and an acetone and solid carbon dioxide mixture, into three fractions whicl~ 
were analyzed separately. The combined results of the separate analyses were com 
pared with the analysis of the original sample, and agreed closely in each case. No 
detectable amounts of methane or propane were found. 

Decomposition of Liquid Tetraethylleac! at its Boiling Point.-It is reported ir, the 
literature by several workers that tetraethyllead boils at about 220' with decomposition. 
Experiments to determine the products of this decomposition were performed. The 
apparatus consisted of a 50-cc. round-bottomed flask with a neck 50 cm. long to serve 
as a reflux column. The apparatus was filled with nitrogen, five cubic centimeters of 
tetraethyllead introduced, and the system pumped out and then filled with nitrogen 
several times in order to eliminate oxygen from the apparatus. The flask was then 
fitted with a delivery tube extending under water into a two-liter bottle which served to 
collect the gases. The flask was heated gently with a luminous Bunsen flame so that 
the liquid was kept just at  the boiling point, with no visible refluxing. In  making the 
first rxn, the hesting was apparently too rapid, as a mild explosion resulted after about 
500 cc. of gas had been collected. With more careful heating, two runs were made in 
which all of the tetraethyllead was decomposed. A deposit of finely divided lead was 
left in the flask. . This deposit was easily removed with nitric acid; no evidence of the 
presence of carbon was detected. The data obtained are given in Table I. I t  is ap- 
parent that most of the ethyl groups have reacted to form ethane and ethylene, with only 
a small amount of butane. This is in marked contrast to the products formed when the 
decomposition takes place in the vapor phase, as the results below will show. 

TABLE I 
PRODUCTS OBTAINED FROM THE THERMAL DECOMPOSITION OF LIQUID TETRAETHYLLEAD 

Run 1 Run 2 

Time of run, min. 32 40 
Grams of Pb(C2Ha)a used 8.25 8.25 
Cc. of gas obtained 1780 1885 

Ethylene 
Ethane 
Butane 
Hydrogen 
Butylenes 
H/C ratio in gases 2.54 2.54 

Decomposition of Tetraethyllead by the Flow Method.-The flow method was used 
to decompose tetraethyllead in the vapor phase, both at  atmospheric pressure and a t  a 
pressure of one millimeter. 

In the experiments a t  atmospheric pressure, the reaction tube was of heavy Pyrex 
glass, 20 mm. inside diameter and 40 cm. long. This tube was placed in a specially con- 
structed tube furnace a t  an angle of about 20" to the horizontal. A buret was sealed by 
means of deKhotinsky cement to a 12-cm. length of 10-mm. tubing sealed to the upper 
end of the furnace in a vertical position. A trap kept in ice water was sealed onto the 
lower end of the reaction tube and served to collect any liquids which were carried over 



by the gases. The side arm of the trap was connected to a manometer and to a 12-liter 
bottle in which the gases were collected. This bottle had a leveling device so that the 
pressure inside the system could be kept constant. The temperature of the furnace was 
measured by a thermocouple placed alongside and in contact with the reaction tube a t  
the center of the furnace. 

Before making a run the system was pumped out with an oil pump for half an hour, 
after which dry nitrogen was admitted. The apparatus was again pumped out and nitro- 
gen admitted, this procedure being carried out several times in order to remove all oxy- 
gen. The furnace was heated to the desired temperature and maintained there for half 
an hour before beginning the run in order to insure a steady thermal state. Lead tetra- 
ethyl was dropped slowly into the reaction tube from the buret. The buret reading, the 
gas volume and the temperature were recorded a t  five-minute intervals, thus making it 
possible to keep the rate of the decomposition uniform. The liquid tetraethyllead was 
quickly vaporized in the hot tube. I t  was apparent that the substance could be va- 
porized without decomposition if the amount present a t  any one time was small and the 
rate of vaporization rapid. Furthermore, the vapors were found to be far more stable 
than the substance in the liquid form. This is shown by the fact that even when the 
furnace temperature was 325O, an appreciable amount of the tetraethyllead vapor 
passed unchanged through the reaction tube and was condensed in the trap. During 
the experiment, the decomposition was smooth and uniform. Lead was deposited 
loosely on the sides of the tube, and small amounts in the form of fine dust were carried 
over by the gases and settled out in the trap. The results of a number of runs made by 
this method are given in Table 11. Run number 7 was made with the reaction tube 
packed with small pieces of Pyrex glass so that the surface to volume ratio was increased 
about tenfold. There were small amounts of liquid products mixed with the unde- 
composed tetraethyllead found in the trap in runs three, five and one. These liquids 
were present in amounts too small to identify, but it was observed that a portion of them 
boiled from 0 to 30' and a portion from 30 to 50'. They had an odor resembling that 
of petroleum ether. Only traces of these liquids were formed above 375 ". 

Run number.. . . . . . . . . . . . . . . . . . . . . . .  3 5 1 4 2 6 7" 
Temperatureoffurnace,"C . . . . . . . . . . .  300 325 375 425 450 475 425 
Time of run, min.. . . . . . . . . . . . . . . . . . .  105 65 95 70 60 45 23 
Grams of Pb(CzHs)r used.. . . . . . . . . . . .  24.3 17.3 56.9 49.5 47.4 39.6 18.4 
Cc. of gas obtained . . . . . . . . . . . . . . . . . .  1750 2015 9455 9500 9545 8330 3650 

Ethylene ........................... 12.0 11.4 24.8 29.4 31.3 31 .2  32.3 
Ethane ............................. 46.1 41.9 26.0 20.5 17.3 19.1 18.2 
Butane . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34.6 34.9 32.7 35.7 36 .8  34.6 35.5 
Hydrogen . . . . . . . . . . . . . . . . . . . . . . . . . .  5 . 8  8 . 1  11.4 11.1 12.4 12.1 12.5 
Butylenes.. . . . . . . . . . . . . . . . . . . . . . . . .  1 .6  3 . 7  5 . 1  3 . 2  2 . 2  3 . 0  1 . 5  
Liquid products, cc.. . . . . . . . . . . . . . . . .  1-2 1-2 trace trace trace trace trace 

. . . . . . . . . . . .  ~Decomposition,approx 34 55 76 89 93 96 89 
H/C ratio in gases.. . . . . . . . . . . . . . . . . .  2.66  2.65 2.56 2.53 2.52 2 .52  2.53 

" The tube was packed with Pyrex glass. ' The system was full of nitrogen a t  the 
start of the run and of reaction products at  the end of the run. The analyses were cal- 
culated on a nitrogen free basis to compensate for the gases remaining in the tube. 



March, 1933 THERMAL DECOMPOSITION OF TETRAETHYLLEAD 983 

The percentage decomposition given in the table is approximate and was calculated 
from the amount of tetraethyllead used in the run and the carbon and hydrogen con- 
tent of the gaseous products. 

Examination of the data in Table I1 shows that the amount of butane in the gaseous 
products is very nearly the same at  all temperatures, while the ethane and ethylene con- 
tent changes very markedly. The ratio of ethane to ethylene a t  the low temperatures 
is four to one, while at  higher temperatures it is about two to three. This increase in 
the amount of ethylene formed cannot be due to the pyrolysis of ethane or butane 
since :hey are both stable a t  temperatures used in the  experiment^.^' Furthermore, the 
ratio of ethylene to hydrogen is roughly constant at  all temperatures and is 2.5 to 1 
rather thzn 1 to 1. There is "&erefare a definite tendency to form ethylene rather than 
ethane at  high temperatures, which is in agreement with the relative stabilities of the 
two gases. The fact that liquid products are more abundant a t  low than a t  high tem- 
peratures is also significant, for Taylor and Jones have reported that free ethyl groups 
cause the polymerization of ethy1ene.l These liquid products may be formed by the 
polymerization of ethylene, induced by the presence of the free ethyl groups. The poly- 
merization evidently occurs more readily at  low than at high temperatures. The poly- 
merization of ethylene may account also for the small amounts of butylene found among 
the gaseous products. 

A comparison of runs 4 and 7 shows that increasing the surface area in the reaction 
tube has practically no effect upon the course of the reaction. 

The ratio of hydrogen to carbon atoms in the gaseous products indicates clearly 
that at  low temperatures some of the ethyl radicals abstract hydrogen either from other 
radicals or from tetraethyllead molecules, consequently producing a large amount of 
ethane and leaving a deficiency of carbon atoms in the gaseous products. There was 
some carbon actually deposited in the reaction tube at low temperatures. Above 
375", the H/C ratio is very closely 5 to 2, showing that the reaction proceeds without this 
effect. These observations are in agreement with the results found by Simons, McNamee 
and Hurd for tetramethyllead.6 

Flow Method at Low Pressure.-In order to use the flow method a t  low pressure 
it was necessary to pump the vapor of tetraethyllead through a hot tube by means of a 
high speed pump capable of reaching low pressures and of allowing the gas pumped off 
to be collected. An automatic Sprengel pump was built but proved to be too slow for the 
purpose. However, the Sprengel pump, operating to maintain a pressure of less than a 
millimeter, provided a good fore pump for a mercury vapor pump, which had the neces- 
sary speed. The mercury vapor pump operated below 100" so that no decomposition 
took place in the pump. 

The apparatus consisted of several small bulbs sealed onto a manifold of 10-mm. 
tubing which was connected by means of a 2-cm. length of 1-mm. capillary tubing, which 
served to minimize backward diffusion of the gases, to a U-tube of 4-mm. tubing. The 
U-tube was 12 cm. in length and was placed inside a small electric furnace. From the 
U-tube a connection led to the mercury vapor pump, which in turn was directly con- 
nected to the Sprengel pump, where the gases were collected. The apparatus was built 
entirely of Pyrex glass, and was thoroughly flamed and pumped out to a pressure of 
10-6 mm. before using. 

A seal on the first bulb was opened, a quantity of tetraethyllead introduced, and the 
seal again closed. The system was then pumped out, keeping the bulb and contents a t  
-78". The tetraethyllead was then fractionally distilled at room temperature, using 
the cold bath to condense the vapor in the additional small bulbs. The middle fraction 
was retained, the other bulbs being sealed off. After the system had been pumped out 
again, it was ready for a run. The furnace was heated to 500°, the pumps started and 
the tetraethyllead reservoir warmed up to 30° with a water-bath. The gases were 



pumped off a t  the rate of about 5 cc. (0 ", 760 mm.) per hour, and calculation showed that 
the time of passage through the hot tube averaged slightly less than one second. The 
pressure in the system was 0.5 mm. Examination of the U-tube a t  the end of the run 
showed that most of the decomposition took place in the f i s t  fourth of the tube, the 
walls there being covered with a smooth deposit of lead. The free ethyl groups there- 
fore had ample time to react with each other before they left the reaction chamber, for 
both Paneth and Rice have determined the half-life period of the free groups to be of the 
order  second^.*^.^ The data for the experiments are given in Table 111. 

Run number 1 2 
Time of run, hours 10 12 
Furnace temperature, "C. 500 500 
Cc. of gas obtained 49.8 54.4 

Ethylene 
Ethane 
Butane 
Hydrogen 
Butylenes 

H/C ratio in gases 2.55 2.57 

I t  will be observed that these results are very much the same as those obtained by 
the flow method at  atmospheric pressure when the temperature was above 450". 

Decomposition of Tetraethyllead by the Static Method.-The procedure used was 
similar to that used by Simons, McNamee and Hurd in decomposing tetramethyllead 
by the static rneth~d.~ A series of glass bulbs having a thin capillary tube sealed to the 
bottom were sealed onto a manifold. Several smaller bulbs for the distillation of the 
sample were sealed to the same manifold, which was then connected by means of a trap 
to a mercury vapor pump and a McLeod gage. All stopcocks were eliminated by using 
mercury traps. The system was thoroughly pumped out while being heated, until the 
pressure remained less than 10-6 mm. after standing overnight. A seal was then 
opened, tetraethyllead introduced into one of the small bulbs and then fractionally dis- 
tilled a t  room temperature. The purified sample was distilled into the capillaries of the 
larger bulbs to a predetermined level and the bulbs were sealed off and heated in a fur- 
nace. After the heating, a file mark was made on the thin capillary, which was then 
sealed into a larger tube, connected with the pumping system in such a way that the 
tip of the capillary could be broken off by means of a magnetic plunger. The seal was 
made with deKhotinsky cement. The system having been evacuated, the plunger was 
allowed to fall and break the capillary, and the gas pumped out and collected by means 
of an automatic Sprengel pump. The sample of gas was then transferred to the gas 
analysis apparatus. Experiments were made a t  several temperatures, and the size of 
the bulbs was varied from 100 cc. to 500 cc. in order to vary the pressure and still have a 
sample of gas large enough to analyze. The effects of increased surface in the bulb and 
of introducing nitrogen were studied. The bulbs were heated in the furnace for different 
lengths of time, in all cases enough to decompose about 90% of the tetraethyllead in the 
bulb. The results have been tabulated as far as possible to show the effect of varying 
the conditions within the bulbs. Table IV shows the effect of temperature and pressure 

The first four columns in the table show the effect of varying temperature. A 
series of 100-cc. bulbs was heated, each a t  a different temperature and each long enough 
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TABLE IV 

EFFECTS OF TEMPERATURE AND PRESSURE UPON THE THERMAL DECOMPOSITION O F  

TETRAETFTYLLEAD-STATIC METHOD 

Bulb number A-1 A-2 A-3 A-4 B-9 C-7 A-3 A-6 A-9 
Capacity (cc.) 110 110 110 10'3 110 108 110 340 550 
Temp. of furnace, ' C .  150 200 275 350 275 275 275 275 275 
Time heated, hrs. 28 6 2 0.5 3 2.5 2 2 2 
Pb(CzHs)r used, g. 0.467 0.436 0.426 0.378 0.841 0.498 0.426 0.452 0.459 
Pressure of Pb(CzHs)a vapor 

a t  furnace temp.. mm. 345 360 410 442 807 478 410 141 88 
Cc. gas obtained 84.0 43.8 58.7 89.5 118 71.0 58.7 6 3 4  71.8 

ANALYSIS OF GASES, (ro 

Ethylene 37.8 9.2 5.9 36.2 6.9 6.8 5.9 11.2 14.2 
Ethane 45.8 47.3 44.8 19.4 55.8 44.8 44.8 29.2 24.1 
Butane 13.6 38.7 44.2 31.4 32 4 41.8 44.2 51.4 52.2 
Hydrogen 1.8 2.7 3.6 10.4 1.7 3 .5  3.6 5.9 6.7 
Butylenes 1.0 2.2 1.4 2.6 3.3 3.0 1 .4  2.2 2.9 
H/C ratio in gases 2.54 2.64 2.65 2.50 2.73 2.63 2 6 5  2.55 2.56 

to decompose most of the tetraethyllead. In the case of the first bulb, heated to only 
150°, the amount of tetraethyllead in the bulb was so great that it could not all vaporize, 
since the vapor pressure of Pb(C2HJ4 at  150° is only approximately 140 mm., and there 
was sufficient present in the bulb to give a pressure of 345 mm. a~ 150" if it were all 
vaporized. A comparison of the products obtained in this run with the results in =ble I 
indicates that most of the decomposition has taken place in the liquid phase, which is 
to be expected. In all of the other runs the temperature was high enough to ensure that 
all of the tetraethyllead would vaporize before the final temperature was reached. I t  is 

TABLE V 
EFFECTS OF INCREASED SURFACE AND OF NITROGEN UPON THE THERMAL DECOMPOSITION 

oa TETRAETHYLLEAD-STATIC METHOD 

Bulb number C-7 C-8 C-5 C-1 C-3 C-4 
Capacity of bulb, cc. 105 60 315 220 105 105 
Bulb packed No Yes No Yes No No 
Pressure of N2, mm. at  20 . . . . . . . . . . . . 251 283 
Temp. of furnace, "C. 275 275 275 275 275 275 
Time of heating, hours 2.5 2.5 2.5 2.5 2.5 2 5 
Pb(CzH& used, g. 0.498 0.373 0.574 0.479 0.403 0.393 
Pressure of Pb(CzHb)4 vapor a t  furnace 

temp.. mm. 500 661 192 230 407 397 
Cc. gas obtained 71 57 80 70 90 91 

ANALYSIS OF GASES, (roo 
Ethylene 6.8 5.7 8.1 5.5 7.2 5.8 
Ethane 44.8 55.1 36.7 44.4 51.9 48.8 
Butane 41.8 32.3 46.8 41.7 35.2 39.3 
Hydrogen 3 .5  4.3 4.8 5.2 2 . 2  3.1 
Butylenes 3.0 2.5 3.6 3.2 3 .4  3.1 
H/C ratio in gases 2.63 2.70 2.61 2.65 2.66 2.65 

a The analyses of runs C-3 and C-4 have been calculated on a nitrogen free basis for 
comparison with the others. 



interesting to note that as the temperature increases, the ethylene content of the gases 
decreases, and the butane content increases until 350 O, at  which point the ethylene be- 
comes very abundant, the hydrogen increases and the ethane decreases markedly in 
amount. This will be discussed more fully in a later section. The last five columns of 
Table IV show the effect of pressure upon the decomposition. High tetraethyllead 
pressure favors the formation of ethane; as the pressure is lowered, butane becomes the 
most abundant product. This fact, together with the hydrogen-carbon ratios, shows 
that a t  the high pressures some of the ethyl groups form ethane at  the expense of the 
hydrogen atoms of other ethyl groups. This was confirmed by the fact that slight 
amounts of carbon were formed on the walls of the bulb where the H/C ratio in the 
gases was high. 

A series of runs was made with half the bulbs packed with small pieces of Pyrex glass, 
the others unpacked. Two runs were made with nitrogen at  a pressure of approxi- 
mately one-third of an atmosphere (at 20") in the bulb. The results of these runs are 
given in Table V. 

Due to the smaller volume in the packed bulbs, the pressure is slightly greater than 
in the corresponding unpacked bulbs, but a comparison with the results in Table IV 
will show that the small increase in pressure is not enough to account for the increased 
amount of ethane formed and the corresponding decrease in the amount of butane. 
It is evident that one of the reactions responsible for the ethane formation is a wall 
reaction. Nitrogen as an inert diluent has nearly the same effect as increased surface. 

Discussion 
In  discussing a possible mechanism for the thermal decomposition of 

tetraethyllead, we shall consider that the molecule first breaks up into a lead 
atom and free ethyl radicals. This has been assumed by all previous 
workers in the field and is in complete accord with the experimental results. 
The discussion therefore resolves itself into an effort to determine what 
happens to the ethyl groups which are released. 

An examination of the products formed under varying conditions in- 
dicates four reactions which are involved. We shall state these reactions 
and proceed to discuss them in the light of the data obtained. 

Reaction (1): an ethyl radical may, when the concentration of tetra- 
ethyllead is high, extract hydrogen from the tetraethyllead molecule and 
form ethane. We shall indicate the reaction thus: C ~ H S  + [HI --) 
C2H6. Reaction (2): two ethyl groups may combine to form butane: 
2 C2Hs -+ C4H10. Reaction (3): two ethyl groups may react to form 
ethylene and hydrogen: 2 C2H5 + 2C2H4 + Hz. Reaction (4): two 
ethyl groups may react by disproportionation: 2 C2H6 --) GH6 + C2H4. 

Reaction (1) is of primary importance a t  high pressures and low tempera- 
tures. The percentage of ethane was always very high under such condi- 
tions. The ethane percentage in the gaseous products was in some cases 
four times as great as the ethylene percentage, hence the ethane could not 
all have been formed by reaction (4), which would produce ethane and 
ethylene in equal amounts. The reaction is a wall reaction, for the 
results in Table V show a marked increase in the ethane percentage with- 
out a corresponding increase in ethylene when the bulbs were packed so 
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as to increase the surface. The conditions best suited to this reactiori 
are a high concentration of tetraethyllead molecules and a slow rate of 
decomposition, so that there is a greater chance for an ethyl group to eol- 
lide with a tetraethyllead molecule than with another ethyl radical. 
These conditions occur in runs 3 and 5 made by the flow method and 
in most of the runs made by the static method, particularly in run B-9 
where the initial pressure of tetraethyllead vapor was highest. In run 
A-4, Table IV, the temperature was high, hence the rate of decomposi- 
tion was rsapid and the concentration of ethyl groups high. Consequently 
the influence of reaction (1) on the products from this run was small, 
and the percentage of ethane is very low. In runs A-6 and A-9, the 
initial pressure of tetraethyllead vapor was low, which also inhibited reac- 
tion (1). That this reaction is due to the extraction of hydrogen from a 
tetraethyllead molecule rather than from one of the hydrocarbon products 
is made evident by the conditions under which the reaction occurs. Simons, 
McNamee and Hurd found that a similar reaction occurred with tetra- 
meth~llead.~ They assume that this reaction takes place to a greater 
extent at  low temperatures than at high, because the methyl radicals are 
released on the wall in the condensed phase when the temperature is 
low and hence can react easily with adjacent tetramethyllead molecules, 
while at high temperatures the methyl groups are released mostly in the 
gas phase and hence can react readily with each other, less readily with 
other molecules of tetramethyllead. There seems to be no evidence that 
most of the decomposition occurs on the walls at low temperatures and 
in the gas phase at  higher temperatures. Geddes and Mack have found, 
on the contrary, that at  least in the cases of tetraethyllead and tetraethyl- 
germanium, the decomposition is 98% homogeneous in the gas phase.6 
Of course this tells us nothing about the reactions of the free groups after 
the decomposition. The difference in the relative importance of this 
reaction a t  different temperatures can be satisfactorily explained on the 
basis of the relative concentrations of the ethyl radicals and tetraethyllead 
molecules. 

Reaction (2) is of interest because it shows definitely that two free 
ethyl groups can combine to form butane, probably by a wall reaction or 
by a three-body collision. Paneth, without making a complete analysis 
of the products of the decomposition, reported that a large fraction of the 
ethyl radicals was recovered as butane. A similar reaction has been 
found by Simons, McNamee and Hurd to take place with methyl radicals. 
The percentages of butane in the products from runs made by the flow 
method are fairly constant. This is not the case when the reaction is 
carried out in a sealed bulb, in which case the most apparent fact is that 
reaction (2) becomes more effective as the initial pressure of tetraethyllead 
is lowered, and less effective when the surface in the bulb is increased. But 



these are precisely the conditions which either hinder or favor reaction (I), 
and an inspection of the data shows that as the butane content of the 
gaseous products increases, the ethane content decreases, and vice versa. 
This explains the apparent change in the relative rate of reaction (2) with 
changes in temperature or pressure when the static method was used. 
Any factors which cause an increase in the yield by reaction (1) will cause 
a decrease in the products of reaction (2), due to the depletion of the ethyl 
radicals. When the flow method was used, the temperature was high, 
and the concentration of ethyl groups was also high, due to the more rapid 
decomposition of the tetraethyllead, and the data show very little change 
in the effectiveness of reaction (2) in determining the end products of the 
decomposition. 

Reaction (3) accounts for a large fraction of the gaseous products 
particularly when the flow method was used. At the higher temperatures, 
it accounts for most of the ethylene. The ethylene content is about two 
and one-half times the hydrogen content-hence reaction (3) produces 
about 80% of the ethylene. I t  is probable that this reaction takes place 
in more than one step. Rice, in discussing the part played by free radicals 
in the decomposition of hydrocarbons, shows from energy calculations that 
it is possible for an ethyl group to lose a hydrogen atom thus: C2H5 + 
GH4 + H.ll The hydrogen atom and another ethyl radical could then 
combine to form a hydrogen molecule and another molecule of ethylene. 
Both of these reactions might occur when two ethyl groups meet in a 
collision on the wall. 

Reaction (4) occurs to a lesser extent than the others, for most of the 
ethane can be accounted for by reaction (1) and most of the ethylene by 
reaction (3). Furthermore, there is no relation between the percentages 
of these gases such as would be demanded if reaction (4) were the main 
one. This reaction is prominent in only one case, when the temperature 
was 350° and the decomposition was rapid and the concentration of 
ethyl groups a t  any one instant was high (Run A-4, Table IV). It seems 
probable therefore that this reaction occurs in the gas phase rather than on 
the walls. This statement is borne out by Rice's conclusions in his paper 
on free radicals in thermal decomposition.ll Rice concludes from a study 
of the decomposition products of hydrocarbons under various conditions, 
that a reaction between two ethyl groups to produce ethane and ethylene 
occurs in a ternary collision, and not to any great extent on the walls. 
The fact that this disproportionation reaction plays such a small part 
in the reactions of free radicals throws doubt on some of the mechanisms 
which have been proposed for hydrocarbon decompositions, which assume 
that practically all of the radicals formed by the breaking of a C-C bond 
react by disproportionation to produce an olefin and a paraffin hydro- 

(11) Rice, THIS JOURNAL, 63, 1962 (1931). 
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carbon. The facts agree rather with Rice's assumption of a chain re- 
action which is terminated by a ternary collision resulting in disproportiona- 
tion. 

When tetraethyllead is decomposed in the liquid phase, an apparent 
disproportionation accounts for more than 90% of the total products; 
but the conditions are very different from those in the vapor phase reac- 
tion. The reactions in the liquid phase are undoubtedly more complex 
than the results indicate, and comparisons with the results of the vapor 
phase decomposition would be meaningless. 

The fact that increasing the surface to volume ratio shows no effect 
upon the products when the flow method is used and the temperature is 
above 400' indicates either that the reactions are nearly all homogeneous or 
nearly all wall reactions. If the latter is true, increasing the surface area 
would have an effect only on the rate of reaction of the free radicals, not 
on the products formed. Paneth and Herzfeld, from a study of the 
kinetics of the reaction, have shown that the radicals react mainly on the 
walls, and that only a small fraction react in the homogeneous gas phase.12 
I t  is evident therefore that most of the reactions described above are 
wall reactions with the exception of reaction (4), which occurs mainly in the 
gas phase. 

Summary 

The products formed by the thermal decomposition of tetraethyllead 
have been studied under a wide variety of conditions with the purpose 
of securing information about the reactions of free ethyl radicals. 

Evidence is presented to show that four reactions are involved. First, 
a reaction occurring when the concentration of ethyl groups is low and 
that of tetraethyllead molecules high, is the extraction of hydrogen from a 
tetraethyllead molecule by an ethyl radical. Second, two ethyl radicals 
combine in a wall reaction or a three-body collision to form butane. Third, 
two ethyl groups react on the walls to form a molecule of hydrogen and 
two of ethylene. Fourth, a reaction in which an ethyl group takes a hydro- 
gen atom from another ethyl group, producing a molecule each of ethane 
and ethylene. This reaction occurs mostly in the gas phase, and occurs to a 
less extent than the others. 
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(12) Paneth and Herzfeld. 2. Elektrochem., 8, 9 (1931). 
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Transport Numbers in Mixed Aqueous Solutions of Alkali 
Chlorides. I. Theoretical Remarks 

Introduction 
In  recent years various authors have reported or discussed results of 

migration experiments on mixed aqueous solutions of potassium and 
sodium chloride~.l-~ The general conclusion one is entitled to draw 
froin these papers is that when the total concentration is not too high the 
transport numbers of the two metallic ions are in satisfactory agreement 
with those calculated by applying MacInnes' f ~ r m u l a . ~  This shows that 
only simple ions are present in those solutions and that, a t  equal con- 
centrations, potassium and sodium chlorides are dissociated to the same 
extent. In order to test further the validity of these conclusions McBain 
and Van Rysselberghe carried out migration experiments with mixed 
solutions of potassium and sodium chloride of high total concentration and 
high ratio between the concentration of sodium chloride and that of 
potassium chl~ride.~ They interpreted their results on the basis of in- 
complete dissociation. This interpretation is discussed in the present 
note. In a subsequent paper experimental results obtained with mixtures 
of cesium and sodium chlorides, potassium and lithium chlorides, rubidium 
and sodium chlorides and new results obtained with mixtures of potassium 
and sodium chlorides will be presented and discussed, 

Transport Number of One of the Two Metallic Ions in a Binary Mix- 
ture of Alkali Chlorides.-Let us call ACI and BC1 the two chlorides, C 
the total concentration in gram molecules per liter, x the ratio of the con- 
centration of AC1 to the total concentration C, AACl, ABCll A*, AB, ACI,A, 
Acl,B the equivalent conductivities of the salts and ions at  the concentra- 
tion C, TA, TB, Tcl the transport numbers of the ions in the mixture, 
T;, Ti,  T:~,~, T & , ~  the transport numbers of the ions in solutions of the 
pure salts at  the concentration C. We have the following relations be- 
tween these various quantities 

(1) Braley and Hall, THIS JOURNAL, 42, 1770 (1920). 
(2) Schneider and Braley. ibid., 46, 1121 (1923). 
(3) MacInnes, ibid., 47, 1922 (1925). 
(4) Dewey, ibid., 47, 1927 (1925). 
(5) Bjerrum and Ebert, Det. Kgl. Danske Videnskabernes Sdskab. VI, 9, p. 6 (1925). 
(6) Braley and Rippie, THIS JOURNAL, 49, 1493 (1927). 
(7) See also: Taylor, ibid., 48, 599 (1926). 
(8) McBain and Van Rysselberghe, ibid.. 64, 2336 (1930). 
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Tf; + T&,B = 1 (6) 
TA + TB + TCI = 1 (7) 

If we assume that the degrees of dissociation and the mobilities of the ions 
of the two salts in the mixture are the same as those in pure solutions of 
each of the two salts a t  the same concentration as the total concentration of 
the mixture, we have for the transport number of the ion A in the mixture 

Tn = ~ A A  
X L ~ A  + (1 - X)AB + XACI, A + (1 - Z) ACI, B 

(8) 

Making use of equations (I), (2); (3), (41, (5 )  and (6) we obtain 

We may consider equation (9) as a mathematical expression of the so- 
called "isohydric principle." 

At concentrations not exceeding 0.1 mole per liter the alkali chlorides may 
be considered as dissociated to the same extent a t  equal  concentration^.^^^ 

We have then 
&I, A = &I. B = ACI (10) 

or, according to equations (3) and (4) 
AACI X T ~ I .  A = ABCI X T$ B 

or, according to equations (5) and (6) 
Ac! = AACI X (1 - Ti) = ABCI X (1 - Ti3 (12) 

The transport number of the ion A in the mixture, given by equation (8). 
becomes according to  equation (10) 

or, according to equation (I), (2) and (12) 

This formula has been established by MacInnes3 and has been found to  
agree with certain experimental results of Schneider and B r a l e ~ , ~  Dewey,' 
and Braley and R i ~ p i e . ~  It must be kept in mind that equation (9) is 
general as long as the isohydric principle holds and that equation (15) is 
valid only in the range of concentrations for which relation (12) holds. 
In the case of potassium and sodium chloride relation (12) holds strictly 
up to concentrations of about 0.1 gram molecule per liter. 

The transport number TA as given by equation (9) or (15) is, by defini- 
tion, the number of gram equivalents of A+ migrated to the cathode when 

(9) MacInnes and Cowperthwaite, Tvans. Faraday Soc., %S, 400 (1927). 



one faraday of current has passed through the solution. In order to com- 
pare the state of dissociation of the salt AC1 in the mixture with its state 
of dissociation when present alone, it is convenient to compare the number 
of equivalents of A+ migrated to the cathode when one faraday of current 
has been carried by the salt AC1 in the mixture with the transport number 
of A+ in a solution of ACl alone of the same concentration as the total 
concentration of the mixture. 

If the salts AC1 and BC1 are dissociated to practically the same extent 
in solutions of equal concentration, the fraction of the total current carried 
by ACI can be calculated by means of the isohydric principle. This frac- 
tion is 

X ~ A C I  
Y = XAACI 4- (1 - X) ABCI (16) 

-4s expected, dividing TA as given by (9) by y, we obtain 

If the isohydric principle really holds in these mixed solutions, the experi- 
mental value of TA should always obey equation (9) and dividing it by y 
one should always find T; the transport number of A+ in a solution of 
AC1 alone of the same concentration as the total concentration of the 
mixture.1° The results of McBain and Van Rysselberghes a t  the con- 
centrations 2 and 5 N (x  = 0.10, 0.04, 0.02) and those of Schneider and 
Braley2 at the concentrations 0.8 and 1.6 N (x = 0.75, 0.67, 0.50, 0.33, 
0.25) show that at  these concentrations the isohydric principle as embodied 
in equation (9) does not hold. 

McBain and Van Rysselberghes developed a qualitative reasoning in 
which y is calculated by supposing that the salts are independent and the 
decrease in the transport number of K+ is considered as due to the change 
in the degree of dissociation of potassium chloride caused by the addition of 
a large amount of sodium chloride. This reasoning can be summed up by 
the formula 

1 a 
T A X - = T A X T  Y (18) 

in which T: is the transport number of A+ in a solution of AC1 a t  the 
concentration xC, a' the degree of dissociation at  this same concentration 
and a the degree of dissociation of ACl in the mixture. It was found 
that by using degrees of dissociation deduced from the Nernst theory11*12 
of electrolytic dissociation the experimental results could be satisfactorily 
accounted for. 

The problem, however, deserves a more detailed scrutiny. In order to 
account for the measured values of T A  various lines of theoretical reasoning 

(10) McBain and Van Rysselberghe (Ref. 8) use TA X I/y instead of TA. 
(11) Nernst, Z. physik. Chcm., 135, 237 (1928). 
(12) Orthmann, Ergebnisse der czakten Naturwissenschaftcn, 6,  155 (1927). 
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might be followed. One might suppose that dissociation is complete a t  
all concentrations and calculate the mobilities according to  the Debye- 
H~ickel-Onsager theory." Such an attempt has been made by Bennewitz, 
Wagner and Kiichler.14 Since the Onsager conductivity theory gives a t  
most the limiting slope of a mobility or conductivity curve and since ap- 
preciable departures from equation (9) (at least in the case of alkali chlo- 
rides) appear a t  concentrations where the theory certainly does not hold, 
such attempts can hardly be considered as significant. 

E~pidca.1 equaticns for the variation of transport numbers with concen- 
tration have been established by Jones and Dole16 and by Longsworth.16 
They are useful for interpolation but i t  is evident that they do not help the 
solution of our problem. 

Since the direct calculation of mobilities in concentrated mixtures is 
probably theoretically impossible, we shall try to base the interpretation of 
experimental data upon the following hypothesis: in a n y  mixture of two 
alkali chlorides the mobilities of the various ions are proflortional to their 
values in solutions of the two salts alone of the same concentration a s  the total 
concerctration of the mixture. This hypothesis is obviously different from 
the isohydric principle (see equation 9). 

Let us call u ~ ,  UB, UC, the mobilities of the three ions in the mixture of 
total concentration C; u i ,  u&, A, ui ,  ugl, the mobilities of these ions 
in solutions of AC1 and BC1 of concentration C; a! and P the degrees of 
dissociation of AC1 and BCI in the mixture. The transport number T A  in 
the mixture is given by 

According to our hypothesis 

and 

Hence 
T i  ax- 

TA = T ~ I ,  A 

(13) Onsager, Physik. Z .  27, 388 (1926); 28, 277 (1927). 
(14) Bennewitz, Wagner and Kiichler, ibid., 30, 623 (1929). 
(15) Jones and Dole, THIS JOURNAL, 61% 1073 (1929). 
(16) Longsworth, ibid., 64, 2741 (1932). 



It can easily be shown that if a - B this relation reduces to the MacInnes 
formula (15), as one would naturally expect. 

From (22) we deduce 

It can also be shown that TA and TB obey the relation 

TA X TB = (Ti - TA) (TBO - TB) (24) 

which is equivalent to 

This shows that for a given total concentration the points having TA and 
TB as coordinates lie on a straight line whose intercepts on the axes are 
T: and T;. 

This property is of course verified a t  low concentrations, where the 
MacInnes formula is found to hold. Even a t  the concentration 1.6, in- 
vestigated by Schneider and B r a l e ~ , ~  relation (24) is approximately verified. 
In a subsequent paper it will be shown that a t  still higher concentrations 
(2,4 and 5 N )  and even when x becomes very small the MacInnes formula 
(or formula (22) with a = P) holds rather well, a result indicating that 
alkali chlorides are probably dissociated to the same extent a t  all con- 
centrations and in all mixtures. 

Let us now examine two other ways of interpreting migration data on 
mixtures of alkali chlorides. 

1. The isohydric principle as embodied in equation (9) implies that 

and 

a0 and p0 being the degrees of dissociation of AC1 and BC1 in solutions of 
concentration C. At low concentrations 

a0 GI,A = P o  41, B 

and supposing that 
a& A = &I. B 

one finds 
= f1°  

From the fact that at these low concentrations equation (9) is verified 
one deduces that a = 8. 

At high concentrations (larger than 0.1 N) relation (27) does not hold 
and neither the isohydric principle (26) nor equation (9) can be considered 
as significant. 

2. The principle of independency of the two salts in the mixture gives 



in which the primes refer to the concentration xC for ACI and to the con- 
centration (1-x)C for BC1. Taking the ratio of TA as given by (19) to  
T A , ~  as given by (30) we have 

When x tends toward zero, this ratio tends toward 

Dividing both terms of the ratio by u;, the mobility of A+ a t  infinite 
dilution, we have 

a(uA/uz) might be considered as a dynamic degree of dissociation. We 
have then 

a relation analogous to equation (18) used by McBain and Van Ryssel- 
berghe in the case of very small values of x. Their interpretation of the 
values of TK in mixtures of potassiuim chloride and sodium chloride suggests 
the possibility of establishing a set of dissociation constants in terms of the 
a&. It will be shown, however, in subsequent papers that within the 
limits of experimental error the MacInnes formula, based on our general 
hypothesis, accounts satisfactorily for most of the experimental data and 
that any further calculation of degrees of dissociation or dissociation con- 
stants is rendered hardly significant on account of the rather small degree of 
accuracy of the experimental results. 

1. If the fraction y of the current carried by AC1 is calculated according 
to the hypothesis of proportionality of the mobilities to their values in 
solutions of ACl and BCI alone of the same concentration as the total 
concentration of the mixture, relation (17) is always satisfied. Hence 
the transport numbers of the positive ions in the mixture are the same as 
in solutions of the pure salts of the same concentration as the mixture, 
when the transport is expressed in terms of one faraday carried by the 
respective chlorides. 

2. I t  has come to our attention that Guggenheim and Unmack17 in 
their studies of cells with liquid junctions propose a hypothesis of the same 
type as ours. They state it as follows: ". . .the ratio of the mobility of 
a given ion in one solution to its mobility in another solution is the same 
for all ions. . . " 

(17) Guggenheim and Unmack, Del. Kgl. Danske Vidcnskabrrncs Sclskab, X ,  14, p. 16 (1931). 



Summary 
1. The following hypothesis is suggested as the basis of the interpreta- 

tion of transport numbers in mixtures of alkali chlorides: The mobilities 
of the various ions are proportional to their values in solutions of the two 
salts alone of the same concentration as  the total concentration of the mixture. 

2. The MacInnes formula for the transport number of one of the two 
positive ions in a mixture of alkali chlorides is a direct consequence of the 
preceding hypothesis. The range of validity of this formula is now un- 
restricted. 

3. Other methods of interpreting transport numbers in mixtures of 
alkali chlorides are discussed and shown to be probably without significance. 

STANFORD UNIVERSITY, CALIFORNIA RECEIVED SEPTEMBER 24, 1932 
PUBLISHED MARCH 7, 1933 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, STANFORD UNIVERSITY] 

Transport Numbers in Mixed Aqueous Solutions of Alkali 
Chlorides. 11. Transport Numbers of the Potassium, the 
Rubidium and the Cesium Ions in Concentrated Solutions 

of Sodium Chloride, and of the Potassium Ion in 
Concentrated Solutions of Lithium Chloride 

I. Mixtures of Potassium and Sodium Chlorides.-The movement of 
potassium in the following mixed solutions of potassium and sodium chloride 

0.2 molar KC1 + 1.8 molar NaCl 
0.08 molar KC1 + 1.92 molar NaCl 
0.5 molar KC1 + 4.5 molar NaCl 
0.2 molar KC1 + 4.8 molar NaCl 

was measured by McBain and Van Rysse1berghe.l The transport numbers 
were computed according to the isohydric principle and also according to 
the principle of independency of the two salts in the mixture. The latter 
set of transport numbers led to an interpretation of the results based upon 
unequal values of the dissociation constants of the two chlorides as in the 
Nernst theory of electrolytic dissociation. As shown in the first paper of 
this s e r i e ~ , ~  the MacInnes formula derived from the hypothesis that the 
mobilities of the various ions in the mixture are proportional to their values in 
solutions of the two salts alone of the same concentration as the total concentra- 
t ion of the mixture affords a more straightforward interpretation of the 
experimental results. 

Table I gives, for the five mixtures investigated by McBain and Van 
Rysselberghe: (1) the composition of the mixture; (2) the transport 

(1) McBair~ and Van Rysselberghe, Tnrs JOURNAL, 62, 2336 (1930). 
(2) Van Rysselberghe, ibid., 55, 990 (1933). henceforth called Paper I .  



number of the potassium ion calculated according to the MacInnes for- 
mula (see paper I ,  formula (22), in which a and ,8 are equal) 

T l  x ;;;h- 

(3) the experimental transport nurnber; (4) the ratio a / P  of the degrees of 
dissociation of potassium and sodium chlorides in the mixture, calculated 
according to the formula (see Paper I ,  formula (23)) 

(Y I - X  - =-  TA A 

P x 
X--;i-----X+ 

TA - TA TCI, B 

The numerical values of the transport numbers T;, T:,, etc., were 
taken from the Landolt-B~rnstein-Roth tables and from the recent paper 
of MacInnes and D ~ l e . ~  

TABLE I 
Concentration of mixture, TK TK 

moles per liter MacInnes Measured a/@ 

0 . 2  KC1 + 1 .8  NaCl 0.060 0.057 0.96 
0.08 KC1 + 1.92 NaCl .024 .019 .78 
0.04 KC1 + 1.96 NaCl .012 .OIO .82 
0 .5  KC1 + 4 . 5  NaCl .061 .052 .84 
0 .2  KC1 + 4 . 8  NaC1 ,025 .025 1.00 

McBain and Van Rysselberghe4 expressed the values of TK in terms of 
one faraday of current carried by potassium chloride. In  Table I, TK 
is expressed in terms of one faraday carried by the mixture. By examin- 
ing Table I11 of McBain and Van Rysselberghe's paper, one will notice 
that the discrepancy between the two sets of values of Ty reported in 
Table I is of the same order as the experimental error. It might seem that 
the fact that most of the experimental values of TK are smaller than the 
calculated ones indicates a systematic discrepancy. This is certainly 
not the case as the new data obtained with a total concentration of 4 N 
exhibit a departure in the other direction from the values calculated by 
means of the MacInnes formula. 

These data are reported in Table.11. They were obtained by exactly 
the same method as those of McBain and Van Rysselberghe.' 

Apparatus.-Three U-tubes with ground joints, three middle portions; 
precipitation of potassium as potassium sodium cobaltinitrite; tempera- 
ture, =f=25O; current strength, +40 milliamperes; length of each run, four 
to  four and one-half hours. 

In  Table I11 the experimental values of TK are compared with those 
deduced from the MacInnes formula and the values of a l p  calculated ac- 
cording to formula (2) are given. 

(3) MacInnes and Dole. THIS JOURNAL, 63, 13.57 (1931) 
(4) Ref. 1, p. 2341. 



Ratio in Change in K content 
Concn. of mixture, NaCl coulometer, Middle, Anode, Cathode, 

moles per liter KC1 g. % mg. mg. TIC 

0 . 2  KC1 + 3.8 NaCl 19 0.6809 0 . 6  -11.7 +7.0 0.038 
- 7.7 f11 .3  

0 . 1 K C l + 3 . 9 N a C l  39 .8385 0 . 6  - 3.5 +6.5 .018 
- 3.8 +4.9 
- 5.7 +8.4 

0 . 1 K C I + 3 . 9 N a C l  39 .6717 1 .3  - 3.9 +2.8 .015 
- 4.4 +3.7 

TABLE I11 
Concn. of mixture, TK TK 

moles per liter MacInnes measured a / B  

0.3 KC1 + 3 . 8  NaCl 0.030 0.038 1.05 
0 .1  KC1 + 3 . 9  NaCl .015 .016 (av.) 0.98 

Considering together the data of Table I and of Table 111 and noting 
that the values of a / P  are probably accurate to t0.2,  i t  seems that the 
MacInnes formula holds for these mixtures and that the two chlorides are 
dissociated to the same extent, within the limits of experimental error. 
The average value of a//3 for the seven mixtures is 0.92. 

2. Mixtures of Rubidium and Sodium Chlorides.-The movement of 
the rubidium ion was measured in various mixtures of rubidium and 
sodium chloride of total concentration 2 and 4 N, the ratio between the 
total concentration and that of rubidium chloride being 20 and 40. 

The experimental method was the same as that of McBain and Van 
Rysselberghe. The rubidium chloride used was obtained from c.  P. 

Kahlbaum rubidium iodide which was treated with an excess of chlorine. 
The iodine was evaporated off, the rubidium chloride was purified by 
several successive recrystallizations and thoroughly dried. C. P. General 
Chemicals sodium chloride was used. Rubidium was precipitated as 
rubidium chloroplatinate. On account of the small solubility of sodium 
chloride in alcohol the usual procedure had to be slightly modified. The 
samples were treated by the same excess of 10% solution of c. P. General 
Chemicals chloroplatinic acid and the precipitates were allowed to settle 
for a t  least twelve hours. The liquid was then decanted on weighed 
filters. Alcohol was added to the residues and filtration was carried 
out. The precipitates were washed several times with alcohol. The 
filters were dried a t  120' and weighed. Nine weighed samples of about 
10 cc. were analyzed for each experiment, namely, two samples of the 
original solution, two of the cathode portion, two of the anode portion, 
one of each, the central, anode and cathode middle portions: tempera- 
ture, ~ 2 5 ' ;  current strength, *40 milliamperes; length of each run, 
four to four and one-half hours. The results are given in Table IV. 
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Ratio in Change in Rb content 
Concn. of mixture. ?%??! coulometer, Middle, Anode, Cathode, 

moles per liter RbCl g. % mg. mg. Titb 

0 . 1  RbC1 + 1.9  NaCl 19 0.7408 0.1 - 20.0 ... 0.035 
- 20.8 

0 .1  RbCI + 1.9  NaCl 19 .6689 1 .2  - 23.9 f11 .7  .033 
-19.2 f 1 5 . 2  

O.OAKbClf1.96NaCl 39 .a469 0 2  - 9 . 9  f 9 . 1  .017 
9.2 + 6 . 1  

0.2RbCl + :3.8NaCl 19 .8320 1 0 --RO.l 4-12.0 .031 
- 20.5 C18 .1  

0.1 RbCl + 3.9  NaCl 39 .8257 1 . 1  - 10.8 +10.7 .015 
- 6 . 0  -+10.8 

In Table V the experimental values of TRb are compared with those 
deduced from the MacInnes formula and the values of a/P calculated ac- 
cording to formula (2) are given. The values of T& were taken equal to 
those of T: a t  the same concentrations. 

Concn. of mixture, T R ~  T R ~  
moles per liter MacInnes measured a/@ 

0 . 1  RbCI + 1 . 9  NaCl 0.030 0.034 1.18 
0.05RbCl f 1.95NaCl .015 .017 1 .13  
0 . 2  RbCl + 3 . 8  NaCl .030 .031 1.05 
0 .1  RbCl + 3.9NaCl .015 ,015 1.00 

One sees again that the two sets of transport numbers agree within the 
limits of experimental error. If, moreover, one notes that there is a cer- 
tain element of uncertainty in the values of Tib, it seems safe to conclude 
that the probable value of a l p  is unity. The average a /P  for the four 
mixtures is 1.09. 

3. Mixtures of Cesium and Sodium Chlorides.-The movement of 
the cesium ion was measured in four mixtures of cesium and sodium chlo- 
rides analogous to the four mixtures of rubidium and sodium chlorides 
of the foregoing section of this paper. The method was identical with 
the one described in this section. C. P. Kahlbaum cesium chloride and 
c. P. General Chemicals sodium chloride were used. 

The experimental results are reported in Table VI. In Table VII the 
experimental values of Tc, are compared with those deduced from the 
MacInnes formula and the values of a/@ calculated according to formula 
(2) are given. The values of T:, were taken equal to those of T; a t  the 
same concentrations. 

The values of a / @  are rather smaller than 1. If this is significant it 
might simply mean that T& is smaller than T: at these high concentra- 
tions, but since for all the mixtures investigated here a / p  is probably ac- 



Ratio in Change in Cs content 
Concn. of mixture, NaC' coulometer, Middle, Anode, Cathode, 

moles per liter EEl g. % mg. mg. TO. 
0 . 1  CsCl + 1.9 NaCl 19 0.7464 0 . 2  -23.5 $24.8 0.026 

-22.7 +24.0 
0 .05  CsCl + 1.95 NaCl 39 1.1270 . 2  +19.2 - 19.0 ,014 

+19.1 - 19.0 
0 . 2  CsCl + 3.8 NaCl 19 1.1536 . 2  +40.6 - 32.8 .026 

+40.7 . . . 
0.1 CsCl + 3.9  NaCl 39 1.0385 . 2  +12.6 - 21.2 .013 

+-16.8 -15 2 

TABLE VII 
Concn. oi mixture, T c ~  T c ~  

molcs per liter ivfaclnnes measured a/ 6 

0 . 1  CsCl $ 1.9NaCl 0.030 0.026 0.86 
0 .05  CsCl + 1.95 NaC1 .015 ,014 .92 
0 . 2  CsCl + 3 . 8  NaCl .030 ,026 .85 
0 . 1  CsCl + 3.9 NaCl .015 ,013 .84 

curate to  only =+=0.2, i t  seems that cesium and sodium chlorides are dis- 
sociated to the same extent, within the limits of experimental error. 

The average value of a/P for the four mixtures is 0.87 and the average 
a / p  for all the mixtures studied so far is 0.95. 

4. Mixtures of Potassium and Lithium Chlorides.-The movement 
of the potassium ion in mixed aqueous solutions of potassium and lithium 
chlorides of total concentration 2 and 4 N, the ratio between the total 
concentration and that of potassium chloride being 20 and 40, was meas- 
ured. The experimental method was the same as that used for the other 
mixtures studied in this paper. C. P. Kahlbaum lithium chloride and 
c. P. General Chemicals potassium chloride were used. Potassium was 
precipitated and weighed as potassium sodium cobaltinitrite, according to 
the method previously used for the mixtures of potassium and sodium 
chlorides.6s1 The accuracy of the analyses was of the order of 1%. 

The results are reported in Table VIII. 
I n  Table IX the measured transport numbers are compared with those 

calculated by means of the MacInnes formula and the values of a l p  cal- 
culated by means of formula (2) are given. The values of ~z~ were taken 
from the Landolt-Bornstein-Roth tables. 

The agreement between the measured and the calculated values of TK 
is again within the limits of experimental error. The departure from 1 of 
the ratio a / p  is probably not significant. 

The average a/P for these four mixtures is 1.08. 
The average a / @  for all the mixtures studied in this paper is 0.99. 

(6) Van Rysselberghe, Ind. Eng. Chem., Anal. Ed. ,  3, 3 (1931) 
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TABLE VIII 
MIGRATION DATA FOR MIXTURES OF POTASSIUM AND LITHIUM CHLORIDES 

Concn. of mixture, 
moles per liter 

0 . 1  KC1 + 1 .9  LiCl 

0.05 KC1 + 1.95 LiCl 

0 . 2  KC1 + 3 .8  LiCl 

0 .1  KC1 1- 3.9  LiCl 

Ratio in Change in K content 
coulorneter, Middle. Anode, Cathode, 

KCI E. % mg. mg. 

TABLE IX 
Concn. of mixture, TK TK 

mo1.e~ per liter MacInnes measured a/@ 

0 .1  KC1 + 1.9  LiCl 0.034 0.036 1.05 
0.05 KC1 + 1.95 LiCl .017 .019 1.09 
0 . 2  KC1 + 3 . 8  LiCl .034 .036 1.07 
0 .1  KC1 4- 3 .9  LiCl ,017 .022 1.11 

Summary 

1. The MacInnes formula for the transport number of one of the two 
metallic ions in a mixture of alkali chlorides, as derived from the funda- 
mental hypothesis developed in Paper I of this series, accounts for the 
transport numbers of the potassium, the rubidium and the cesium ions 
in mixtures of their chlorides with large amounts of sodium chloride and 
for the transport numbers of the potassium ion in mixtures of its chloride 
with large amounts of lithium chloride 

2. It seems then likely that, within the limits of experimental error: 
(A) the mobilities of the various ions in these mixtures are proportional 
to their values in solutions of the chlorides alone of the same concentration 
as the total concentration of the mixture; (B) the alkali chlorides are 
dissociated to the same extent in all the mixtures investigated. 

STANFORD UNIVERSITY, CALIFORNIA RECEIVED SEPTEMBER 24, 1932 
PUBLISHED MARCH 7, 1933 
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The Crystal Structure of Precipitated Copper-Tin Alloys 
BY H. KERSTEN AND JOSEPH MAAS 

It has been shown by Mylius and Fromml that tin added to a neutral 
or slightly acid 1% aqueous solution of copper sulfate produces a precipitate 
whose composition approximately agrees with that of Cu3Sn. I t  was the 
purpose of this investigation to determine whether the crystal structure 
of the precipitated alloy is the same as that of a fused alloy of like com- 
position. During the investigation it was found that the composition of 
the alloy could be varied from nearly pure copper to nearly 40% tin by 
changing the amount of acid in the solution. These percentages include 
the a-phase as well as the one containing Cu3Sn, so that the structure of 
the precipitated a-bronze was also compared with that of fused a-bronze. 

The crystal structures of fused Cu3Sn and a-bronze have been carefully 
investigated by Jones and EvansJ2 Weiss3 and Westgren and Phragmen,' 
so that it was unnecessary to prepared fused alloys for comparison. 

Experimental 

The x-rays were supplied by a gas tube5 having a copper target and 
equipped with a reflection ~pectrograph.~ The tube was operated at  about 
25 kv. and 30 ma. 

The samples were prepared by adding 5 g. of lead-free tin foil to beakers 
of hot (80') 1% aqueous solutions of CuS04.5H20 containing various 
quantities of sulfuric acid. These were kept at  SO0 for five hours and then 
allowed to cool gradually to room temperature. I t  was found that the 
same alloys could be produced with smaller quantities of tin foil as well as 
a t  other temperatures, but that a t  the lower temperatures a longer time was 
required for the alloys to form, especially in the case of the less acid solu- 
tions. During the time the alloys were being precipitated, the solutions 
were stirred occasionally. After the solutions had cooled to room tempera- 
ture, the liquid was decanted and the precipitate washed several times to 
get rid of a white sediment which had formed, and which tended to remain 
suspended in the liquid more easily than the alloy. The precipitate was 
dried a t  120' and cooled in a desiccator before the chemical and crystal 
structure analyses were made. 

Results 

The percentages of tin and copper in the precipitated alloys are plotted 
(1) Mylius and Fromm, Bn.. 27,630 (1894). 
(2) Jones and Evans, Phil. Mag., 171 4, 1302 (1927). 
(3) Weiss Proc. Roy. Soc. (London). Al08. 643 (1925). 
(4) Westgren and Phtagmen, Z. anorg. allgem. Chem., 175, 80 (1928). 
(5) Kersten, Rm. Sci. Inst., 8, 145 (1923). 
(6) Kersten, ibid., 8. 384 (1923). 
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as functions of the number of cc. of concentrated sulfuric acid per liter oi 
solution in Fig. 1. 

The curves show that there is a preferred tendency to precipitate either 
a-branze or CusSn. All the precipitated alloys contained sulfur in addition 
to tin and copper. This probably makes up the difference between 100% 
and the total per cent. of metal. 

In  column 3 of Table I are 
given all the observed values 
of 28 for precipitated C'rr3Sn 
Column 2 gives the correspond- 80 
ing a-lines observed by Jones 
and Evans2 for fused Cu3Sn, as & 
well as values for several p- 2 
lines. The @-lines were com- 
puted from the theoretical $1 40 
spacings given by the authors 
just mentioned. 

Table I1 shows a similar corn- 20 
parison of the lines of precipi- 
tated a-bronze with those com- 
puted, assuming a face-cen- 8 16 24 32 
tered cube whose side is equal Cc. of coned. sulfuric acid per liter. 
to 3.623 A. as given by we is^.^ Pig. 1.-Percentages of tin and copper in the 

No lines, other than those precipitated alloys as a function of the number of 
listed, were F~~ CC. of sulfuric acid per liter: upper curve, copper; 

lower curve, tin. each phase the agreement is 
sufficiently close to show that precipitated a-bronze and precipitated CusSn 
have the same structure as the corresponding alloys prepared by fusion. 

1 2 3 
Lines Lines for 

for fused precipitated Computed Observed 
Planes CurSn CuaSn Planes 2 8 2 8 
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Summary 

Tin added to a dilute, aqueous, hot, 1% solution of CuS04:5H20 con- 
taining less than 12 cc. of concentrated sulfuric acid per liter precipitates 
an alloy corresponding in composition and crystal structure to that of the 
CusSn phase prepared by fusion. When the solution contains more than 
20 cc. of concentrated sulfuric acid per liter, an alloy corresponding in 
composition and crystal structure to that of the a-phase of the copper-tin 
system is precipitated. 

CINCINNATI, OHIO RECEIVED SEPTEMBER 26, 1932 
PUBLISHED MARCH 7, 1933 

The Heat of Dilution and the Partial Molal Heat Capacity of 
Zinc Sulfate from the Electromotive Force of Galvanic Cells 

VICTOR K. LA MER AND IRVING A. COWPERTHWAITE' 

I. Introduction 
Although the use of the Gibbs-Helmholtz equation has been recognized 

for many years as a reliable procedure for calculating changes in heat 
content in chemical processes from the e. m. f. measurements of galvanic 
cells, the applications have been restricted almost exclusively to processes 
involving displacement reactions between metals and their salts. 

In  spite of the renewed interest in the theoretical interpretation of the 
caloric properties of electrolytes in the region of high dilution, little use has 
been made of the method for the determination of heats of dilution of 
electrolytes in this important r e g i ~ n . ~  

The paucity of galvanic cells which will yield reversible e. m. f.'s a t  the 
low concentrations necessary for an unambiguous extrapolation to infinite 
dilution is undoubtedly one reason for the neglect of the method. Skep- 
ticism of the reliability of methods involving differentiation for their numeri- 
cal solution is another. The latter objection, however, is not peculiar to 
the e. m. f. method, for in the calorimetric method i t  is necessary to dif- 
ferentiate the measured integral heat of dilution in respect to concentration 
to  calculate the partial molal quantity which is obtained in the e. m. f .  
method by differentiating the e. m. f. values with respect to temperature. 

(1) This is a second paper constructed from a dissertation submitted in December, 1930, by Irving 
A. Cowperthwaite to  the Faculty of Pure Science of Columbia University in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy. This paper was presented a t  the Buffalo (1931) 
meeting of the Soctety The first paper appeared in THIS JOURNAL, 53,4333 (1931). 

(2) Recently Hartled and Nims [THIS JOXJRNAL, 54, 423 (1932)l have computed the partial mold 
heat of dilution and partial molal heat capacity of sodium chloride solution from 0.05 m to 4 m against 
the reference state of the 0 I m solution from e. m. f .  measurements through the temperature range of 
0-40". See also Harned and Murphy, ibid., 53, 8 (1931); Lewis and Randall. "~hermodynamics and 
the Free Energy of Chemical Substances," McGraw-Hill Book Co., I n c ,  New York, 1923, p. 392, 
Ellis, T H I ~  JOURNAL, 38, 737 (1916). 
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In the previous paper3 it was shown that the e. m. f .  of the cell 
Zn-Hg (two phase) I ZnSOd (m), PbSO* (s) I Pb-Hg (two phase) (1) 

corresponding to the process 
z n  (s) + PbSOq (s) = ZnSOl (m) 4- Pb (s) (2) 

could be measured with a precision of *0.05 mv, to concentrations as 
low as 0.0005 m a t  temperatures of 0, 12.5, 25, 37.5 and 50". This cell is 
consequently well suited for our purpose. 

The essential improvement which we offer in the use of this method of 
computing heat quaxitities consists in the application of the +lheoretica! 
equations of Gronwall, La Mer and Sandved4 as a more legitimate means 
of extrapolating the e. m. f .  data to infinite dilution for an exact evaluation 
of E0 as compared to the customary graphical methods. The accurate 
values of E0 thus obtained permit the computation of z2 (the relative 
partial molal heat content) and C p - C , O  (the relative partial molal heat 
capacity) for the solute. The reference state for each of these properties 
is infinite dilution. The variation of these properties with concentration 
is the result of interionic attraction. 

Inasmuch as the subsequent differentiation process for determining 
the temperature coefficients of the e. m. f .  will exaggerate any experimental 
error in the individual measurements, we have eliminated these variations 
as far as possible by employing smoothed values of EO' (see Eq. 3)  com- 
puted on the basis of the theoretical equations using the best values of EO 

and the parameter "a" as determined from the original data.3 This pro- 
cedure does not eliminate the experimental error in any given measure- 
ment, but distributes i t  more equitably over the entire concentration 
range rather than focusing i t  upon one particular concentration. Conse- 
quently this method is superior to the customary graphical smoothing 
since all the experimental data are involved uniformly in the smoothing 
process. 

TABLE I 
SMOOTHED VALUES OF E O' 

m O0 12.6O 25O 37.5O 50° 

0 0.43594 0.42407 0.41086 0.39628 0.38192 
.0005 .44149 .43001 .41724 .40320 .38924 
.001 .44386 .43256 ,41999 .40620 .39238 
.002 .44704 .43596 .42365 .41018 .39653 
.005 .45247 .44176 .42984 .41690 . a 3 4 9  
.01 .45731 .44690 ,43531 .42276 .40953 

11. Theoretical 
In Table I 

v RT 
EO' = E + - - 1 n m  

n F (3) 

(3) Cowperthwaite and La Mer, THIS JOURNAL, 63, 4333 (1931). 
(4) Gronwall, La Mer and Sandved, Physik. Z., 29, 358 (1928). 



where E is the measured e. m. f. a t  the molality m. From the expression 
v RT v RI' E = E O - - - 1 n m - - -  
n F n F In f 

where f is the activity coefficient of the salt a t  molality m, and E O is a con- 
stant 

v RT EO'  = E0 - - -In f6 
n F ( 5 )  

Substituting for E its equivalent EO'- v RT/nF In m as defined in equation 
(3) in the Gibbs-Helmholtz equation 

and collecting terms 
-AH = nf? (EOf - %&) (7)  

Equation (7) is amenable to numericzl treatment since E O f  extrapolates to a 
finite value (E O) whereas E in equation (6)  becomes infinite when m = 0. 

Substituting numerical values for E O' and dE "'/dt determined for a given 
molality m and temperature T in equation (7) yields - A H  the decrease in 
heat content corresponding to the cell process 
Zn(solid, saturated with Hg) + PbSOa(s) = 

ZnSOd(m) + Pb(solid, saturated with Hg) (8) 

Whereas substitution of the values of E0 [ = E O' (m = 0) ] and dE O/dt yield 
- LW(m = O), the corresponding thermal quantity for the process (9) when 
the molality of zinc sulfate is zero. 
Zn(solid, saturated with Hg) f PbSOr(s) = 

ZnS04(m = 0) + Pb(solid, saturated with Hg) (9) 

If we subtract equation (8) from equation (9), the solids cancel and the 
heat effect L2 corresponding to the transfer of one mole of zinc sulfate from 
molality (m) to infinite dilution remains 

ZnSOa(m) = ZnSOl(m = 0) (10) - 
b, the relative partial molal heat content of aqueous zinc sulfate is defined 

By subtracting the Gibbs-Helmholtz equation corresponding to  process 
(8) from that corresponding to process (9) 

Substituting the value of E "-EO' from equation (5) 

(6) In the special case of a bi-bivalent electrolyte, like zinc sulfate to which this paper is restricted, 
r P 2 (the number of ions per mole of salt) and n = 2 (the number of Faradays involved in the ceil 
process) so that the factor uln  equals unity. The symbol f wit1 always refer t o f t  the geometric mean 
activity coefficient of the salt, and similarly m = m *. 
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Performing the indicated differentiation and collecting terms, the ex- 
pression6 for b can be written. 

bln f i2 = -vRT2 - 
aT (14)  

The limiting law for Xi follows by substituting in (14) the expression 
for In f given by the limiting form of the Debye-Hiickel theory7 

Or, carrying out: the indicated differentiation, the following expresican 
results8 

T d D  1 T d V  i 2 x  - : v R E x ( l + - - +  - - - -  
D d T  3 V d T  (16)  

For a bi-bivalent electrolyte where v = 2 
Lz = 5735 at 25' for c --+ 0 
ZR = 4620 .\Tc at 12.5' for c + 0 

Substituting equation (7) in Kirchhoff's formula 
d m  AC, = Y@- (19)  

and simplifying 
b9E0' 

AC, = nFT (-) (20)  

By subtracting the change in heat capacity for the cell process at infinite 
dilution from that a t  molality m, we obtain the change in partial molal 
heat capacity of the zinc sulfate between molality m and m = 0. By 
means of the same type of transformations used in deriving (12) and 
(14) 

b2 5, - e,' = nFT- (EO' - E O)  bT2 (21) 

By introducing the Debye-Hiickel limiting law for In f and performing the 
differentiations, we get equation (23) 

(6) Bransted, Z. physik. Chem., 100, 139 (1922). 
(7) In equation (15) R is the gas constant and is equal to 1.9885 cal. per degree; T is the absolute 

temperature, r = 4.774 X 10-10 is the charge on the electron; e = 21 = - 22 is the valence of the ions, 
which are equal in the case of a symmetrical valence type electrolyte such as zinc sulfate; k = 1.372 X 
10-18 is the Boltzmann constant; D is the dielectric constant of the medium = 78.54 [I - 0.00460 
( t  - 25) + 0.0000088 (1 - 25)2] for water according to Wyman [Phys. Rev., 36,623 (1930)l; ''a" is the 
ion size parameter of Debye and Hiickel; x = xa where ~2 = -4rNr~uz1z,n f1000kTDV; N is Avo- 
gadro's number = 6.061 X 10's; and a is the number of moles of electrolyte in V liters of solution. 

(8) Bjerrum [Z. physrk. Chem., 119, 145 (1926)) derived equation (16). but neglected the term 
containing dV/dT. Scatchard [THIS JOURNAL, 53, 2037 (1931)l pointed out that  this omission intro- 
duces an error of $7.2% in the case of water a t  25O. The effect of thermal expansion is much less a t  
lower temperatures, being only 1% a t  12 5 O .  We use the following values for TdV/3VdT, 0 0256 a t  
25O and 0.0036 a t  12.5". 
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where 
T d T  T d D  T2 dD dV f )  = 1 2 5 ( )  + 2- - -  DV dT dT 

p d 2 D  _ 2 d d 2 V  (24) 

D dT2 3 V d T 2  

Randall and Rossinis derived an equation similar to (23) for *the limiting 
slope of Cp-CpO against &. They, however, neglected the change of 
volume with temperature. Their equation contains an f(DT) which is 
equal to our f(DTV) after dropping all terms containing V and its deriva- 
tives. The value of f(DTV) is 16% lower than the value of f (DT)  a t  25O, 
so the effect of thermal expansion of the solution is even more important 
in the case of the heat capacity than in the case of the heat of dilution. 
For a 2-2 electrolyte at  25O, we obtain the following limiting expression 
valid for C -+ 0 

E,  - E p o  = 106 y'? at 25' (25) 

111. Computations 

To evaluate these derivatives in equations (7) and (20), the smoothed 
values of EO' were expressed as fourth degree functions of the temperature.1° 
The equationsareof theform 105E0' = A + BW + CW2 + DW3 + E W 4  

where W = (t -25)/12.5. The numerical values of the coefficients are given 
in Table 11. 

TABLE I1 
m A B C 2) E 

0 41086 -1402.5 -75.25 13.00 6.75 
-0005 41724 - 1351.9 -6904 11.42 5 54 
.001 41999 -1328.3 -65.75 10.33 4.75 
.002 42365 - 1297.8 -61.79 8.75 3.79 
.005 42984 -1249.2 -52.50 6.17 1.50 
.01 43531 -1211.2 -48.25 4.17 0.25 

By use of these coefficients, the first derivatives are easily evaluated. 
- 
~2 was computed only for the temperatures of 12.5 and 25' where the em- 
pirical formulas and the experimental measurements are most reliable for 
purposes of differentiation. For the same reason the second derivative 
and Cp-CpO are calculated only at  25O. Our values of - AH, L2, AC, 
and Cp-CPO are summarized in Table 111. 

Equation (20) yields AC, for the process, which is equal to c, (ZnS04,m) 
+ C, (Pb) -CP (Zn) -Cp (PbSO4). Using the value for E

O
,  we can 

compute cpO for zinc sulfate when the heat capacities of the solids are 
known. From the "International Critical Tables" (Vol. V, p. 92) ZC, 
(solids) = -25.3 cal. per degree, whence 

?,"(Zns01) = - 132.4 - ( -25.3) = - 107.1 cal./degree/mole 

(9) Randall and Rossini, THIS JOURNAL, 61, 323 (1929). 
(LO) The Newton-Stirling central difference interpolation formula is a convenient method for 

obtaining these equations in a form symmetrical to  25O. See Whittaker and Robinson, "The Calculus 
of Observations," Rlackie and Son, 1,td , 1924, equation A, p. 38. 
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In the absence of data on the heat capacity of zinc and lead both satu- 
rated with mercury we have employed values for the pure metals. The un- 
certainty in all probability is negligible for zinc but morits further in- 
vestigation in the case of lead. 

The calorimetric method of determining heats of dilution gives L = 
nlil + nzi2, the integral heat of dilution. In order to compare our results 
with those obtained in the calorimetric method, we have computed L by 

integrating graphically, using the formula L = izdnz. The results are 

given in Table IV. 
TABLE IV 

THE INTEGRAL HEAT OF DILUTION OF ZINC SULFATE AT 2 5 O  

m 0.0005 0.001 0.002 0.005 0.01 
L 157 246 366 571 739 

PV. Discussion of Results 
The values of & and $ - E p O  are plotted against the 4% in Figs. 1 and 2. 

I t  is evident that t and C p  -SpO are far from being linear functions of the 
square root of m even at  concentrations as low as 0.0005 m. The figures 
emphasize what misleading results can be obtained by extrapolating linearly 
calorimetric data for high valence type electrolytes from concentrations 
a s  low as 0.01 m to zero concentration by means of the Debye-Huckel 
limiting slope.ll 

Randall and Ros~ini ,~  who first derived equation (23), employed E. Q. 
Adams' exponential representation of Kockel's data for D and computed 

(11) In a later paper we shall publish our development of the function for i, on the basis of the 
Gronwall, La Mer and Saudved4 extension of the Debye-Huckel theory and compare our results with 
this more complete expression. 



f (DT)  = 1.75, corresponding to a limiting slope for the partial molal heat 
capacity fora (2,-2) salt against l/G equal to 48 in place of our value of 106. 

1000 - 

800 - 

0.02 0.04 0.06 0.08 0.10 
dG. 

Fig. 1 .--The partial molal heat content Zz of aqueous solutions 
of zinc sulfate a t  298.1°K. in calories per mole. The straight 
line represents the limiting law of the Debye-Hiickel theory. 

For the (1,-1) and (1,-2) salts, which they measured down to m = 0.04, 
they noted that the approximate limiting slopes of CP-EPO against l/& 

50 - 

40 - 

0.02 0.04 0.06 0.08 0.10 
dZ. 

Fig. 2.-The influence of concentration upon the partial molal 
heat capacity of zinc sulfate in aqueous solution. The straight 
line represents the Debye-Hiickel limiting law. 

were 2 to  3 times that calculated by their formula, a difficulty which is 
now largely removed by the use of the Wyman formula, which yields 
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f (DT) = 4.535 and f (DTV) = 3.802. The computation of b2E0'/bP is 
so sensitive to experimental errors in EO' that it is possible that our values 
of the diierence ( f p  --Go) may be subject to considerable error. On the 
other hand, we believe the form of the curve to be substantially correct.12 

An indication of the reliability of our computed thermal quantities 
was obtained in the following manner: 0.02 mv., which was considered a 
reasonable estimate for the probable error of the smoothed values of EO', 
was alternately added to and subtracted from various combinations of suc- 
cessive temperature values of E O f ,  at a given concentration. These changed 
values of EO 'were expressed as a function of Wand a new set of heat quantities 
calculated. This distortion of the function of EO' with respect to T made 
a difference of 0.1% in - AH and about 10% in Ac, or ?, O, which appears 
to be the maximum limit of error for the postulated experimental precision. 
The reliability of L! is therefore about (266 * 34) or 13% at 0.0005 m and 
about (978 .L. 33) or 3% at 0.01 m at 25O. The uncertainty in Cz at 12.5O 
is somewhat greater. 

Fig. 3.-Comparison of the heat content of aqueous solutions 
of calcium sulfate determined calorimetrically by Lange and 
Monheim and of zinc sulfate determined from e. m. f.  measure- 
ments by La Mer and Cowperthwaite. The straight line is the 
limiting law of the Debye-Hiickel theory. 

In Fig. 3 we have plotted the values of L (ZnSOJ given in Table I V  
against the square root of m, along with the experimental values of L for 
calcium sulfate as determined by Lange and Monheim.13 The data for 
zinc sulfate and calcium sulfate are very similar, as would be expected for 

(12) For a critical discussion of the extrapolation of heat capacity data see Gucker. Jr.. and 
Schminke, Tms JOURNAL, 64, 1358 (1932). 

(13) Lange and Monheim. Z. physik. Chnn., [Abt. A] 160,349 (1930). 
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salts of the same valence type, but i t  is important to point out that in 
(2,-2) types the individual behavior has not vanished, a point which 
Langel4 has repeatedly stressed. Since, as was demonstrated in the pre- 
vious paper,3 da/bT is zero for zinc sulfate, this individual behavior is most 
likely to be ascribed to the specific concentration dependence of D and 
perhaps of V, a problem which has not been satisfactorily investigated as 
yet for these salt solutions. 

I t  is difficult to compare the reliability of the calorimetric method with 
the e. m. f .  method since the former measures the integral heat of dilution 
whereas the latter measures the corresponding partial molal quantity. 
The smoothing of the experimental data which is a necessary preliminary 
to the numerical differentiation or integration of these quantities for 
purposes of comparison naturally obscures an answer to the question. 

In the e. m. f.  measurements the precision of ~2 depends about equally 
upon the precision with which (EO'-EO) and d(EO'-EO)/dT can be 
measured since E O  ' is approximately equal to T dEO '/dT in the particular 
case of zinc sulfate. 

There are no measured values of E,O for (2,-2) salts with which we may 
compare our result for zinc sulfate. Ro~sini '~ calculates values of -68.5 
and -73.4 calories per degree per mole for calcium sulfate and barium 
sulfate, respectively, by combining data for other salts on the basis of the 
the additivity of ionic partial molal heat capacities a t  zero concentration. 
These figures are considerably less than our value. On the other hand, 
our value of -107 for the (2,-2) salt zinc sulfate is in better agreement 
with the dependence upon valence type since Randall and Rossini

g 
and 

Rossini16 find values of -15 to -30 for c , O  of (1,-1) salts, and values of 
-50 to -70 for (1,-2) and (2,-1) salts. 

Summary 

1. Based upon electromotive force measurements of the cell Zn (satd. 
amalgam), ZnS04(m), PbS04(s), Pb (satd. amalgam) for the tempera- 
tures 0, 12.5, 25, 37.5 and 50' and the concentrations 0.0005, 0.001, 0.002, 
0.005 and 0.01 m zinc sulfate the following values have been computed 
for the reaction Zn (s, satd. with Hg) + PbSOl(s) --+ ZnS04(m) + Pb 
(s, satd. with Hg) in the standard state of unit activity for ZnSOa at  
298.1°K. 

Ez:s.~ = 0.41086 - ~Fz0ss.1 = 18951 cal. 
(dEO/dT)zg~.l = -0.0011220 - AHG8.1 = 34380 cal. 
(d*E0/dTz)29s.l = -0.000009632 - AC;zss.~ = 132.4 cal./deg. 

(14) See Lange and Robinson, Chem. Rev., 9,89 (1931), for an excellent summary of the work of Lange 
and collaborators on the calorimetric measurement of heats of dilution in dilute solution, and for a 
compilation of the temperature coefficients of the dielectric constant of water that can be calculated from 
the data of various investigators. Later papers by Robinson have appeared in THIS JOURNAI,. 64, 
1311 (1932). and (with Hammerschmid), 54, 3120 (1932). 

(16) Rossini, Bur. Standards J .  Research, 4,313 (1930); 7 ,  47 (1931) 
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2. The partial molal heat capacity of zinc sulfate in the standard state 
(infinite dilution in water) is CpO ZnSO, = - 107 calories per degree per mole. 

3. The partial molal heat capacities, the relative partial mold and 
integral heat contents of zinc sulfate solutions have been computed a t  each 
concentration and the results compared with the theoretical formulas 
derived from the limiting forms of the Debye-Hiickel theory using Wy- 
man's determinations for the temperature dependence of the dielectric 
constant of water. 

4. The contribution due to thermal expansion which has been neglected 
by previous investigators amounts to a correction of 16% a t  25O in the 
theoretical limiting slope for the concentration dependence of the partial 
molal heat capacities. 

5. The values for the integral heat of dilution of zinc sulfate are com- 
pared with the values for calcium sulfate as measured by Lange and 
Monheim for the same range of concentration. Aside from reasonable 
individual differences, which have been shown to persist to high dilution, 
the results are consistent with their valence type. 

NEW YORU, NEW YORE RECEIVED SEPTEMBER 28, 1932 
PUBLISHED MARCH 7 ,  1933 

The Heat Capacity and Related Thermodynamic Properties 
of Aqueous Solutions. 11. Lithium and Sodium Hydroxides 

at 25" 

Introduction 
In order to widen the scope of our previous work, we have used the same 

methods to determine the specific heats of solutions of lithium and sodium 
hydroxides. The experiments were carried out in the Joule-Pfaundler 
thermal balance. In the working calorimeter, definite quantities, first of 
water and then of solution, were balanced against a fixed weight of water 
in the tare calorimeter. Using a multiple thermel, temperature diferences 
were measured with a sensitivity of one or two hundred thousandths of a 
degree and specific heats were determined with an accuracy of about 
+0.01%. The reader is referred to previous articles1 for detailed descrip- 
tions of the apparatus and experimental technique. 

Materials and Solutions 
The hydroxides were prepared from the best available material, further purified in 

contact only with platinum, nickel or stainless steel. 

(1) Gucker and Schminke, THIS JOURNAL, 54, 1358 (1932); Gucker, ibid., 50, 1005 (1928); Rich- 
ards and Gucker. ibid.. 47, 1876 (1925). 



The preparation of pure lithium hydroxide offered considerable difficulty. Finally 
i t  was accomplished in the following tedious but satisfactory way: C. P. lithium chloride 
was dissolved in absolute alcohol which was saturated with dry hydrogen chloride gas 
to precipitate out the sodium and potassium salts. The solution was filtered and the 
alcohol distilled off. The residue of lithium chloride was treated with a slight excess of 
pure concentrated sulfuric acid and evaporated in a platinum dish until fumes of sulfur 
trioxide ceased coming off. 

C. P. barium hydroxide, recrystallized and drained centrifugally, was dissolved in 
hot distilled water. The solid lithium sulfate was added to this solution and, on meta- 
thesis, yielded a solution about 5 m in lithium hydroxide. This was decanted into a 
paraffin-lined bottle. The voluminous residue of barium sulfate was extracted several 
times with hot water, to increase the yield of hydroxide. The lithium hydroxide solu- 
tion was then treated with pure sulfuric acid, a little a t  a time, until as much as possible 
of the excess barium ion was removed. The resulting solution contained a negligible 
quantity of barium and of sulfate ion, and gave equal turbidity when tested with 
equivalent amounts of either ion. It was found to contain about 0.04 mole per cent. of 
sodium and less than 0.92 mole per cent. of potassium, since it gave no precipitate with 
acetic acid and sodium cobaltinitrite solution. The first preparation (Expts. 1-8) con- 
tained 0.15 mole per cent. of chloride, which had escaped volatilization in the sulfuric 
acid treatment. In the second preparation (Expts. 9-15) the chloride ion was removed 
by treating the lithium sulfate with a small amount of silver sulfate. Any excess silver 
was removed when the barium hydroxide was added, and remained with the barium 
sulfate. 

The sodium hydroxide was purified by recrystallization of the monohydrate from 
water solution. About 63 g. of water was added to every 100 g. of sodium hydroxide 
sticks. A slightly more concentrated solution solidifies completely a t  room tempera- 
ture and a less concentrated one gives a low yield of crystals. When the mixture was 
heated to 60° the solid dissolved completely. The solution was stirred from time to time 
as  i t  cooled to room temperature, so that it deposited crystals of the right size. These 
were then drained centrifugally for about ten minutes, to remove the viscous mother 
liquor as completely as possible. The only impurity which they then contained in ap- 
preciable quantities was carbonate, which is always picked up from the air. For- 
tunately, sodium carbonate is nearly insoluble in concentrated hydroxide and so it is 
removed quite easily. The crystals were dissolved in the minimum quantity of freshly- 
boiled distilled water and the resulting solution filtered by suction through a platinum 
sponge Gooch crucible into a paraffin-lined bottle containing water. The first prepara- 
tion (Expts. 1-10) was found to contain 0.02 mole per cent. of carbonate, 0.06 mole per 
cent. of potassium and 0.002 mole per cent. of chloride. The second preparation 
(Expts. 11-20) was even more completely freed of carbonate. The sodium hydroxide 
was crystallized as before, then dissolved in the minimum quantity of water and treated 
with enough recrystallized barium hydroxide to remove all the carbonate. After suc- 
tion filtration, the excess barium was removed as in the case of the lithium hydroxide. 
This second solution contained 0.07 mole per cent. of potassium. 

All the solutions were made up with freshly-boiled distilled water and were stored 
in paraffin-lined bottles, whence they were siphoned out as needed through stainless 
steel or paraffin-lined glass tubes. In order to prevent contamination with carbon 
dioxide, the incoming air was bubbled through a gas-washing bottle containing some of 
the same solution. 

The analytical methods were more than adequate for our purposes. The solutions 
were standardized by weight titration against standard hydrochloric acid solutions, 
using methyl red as indicator. In all but the very dilute solutions, pairs of analyses 
agreed within a few hundredths of a per cent. The hydrochloric acid solution used for 
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most of the coinparisons was 0.61101 m, as determined by silver chloride residues a t  the 
beginning of the work, and 0.61094 m as determined by comparison with pure sodium 
carbonate a t  the end. A 2.15 m hydrochloric acid solution, used for some of the most 
concentrated alkali solutions, was standardized by silver chloride residues and shown to  
he consistent with the less concentrated one. The first sodium hydroxide solution was 
found to be 2.5510 m by titration against the first acid solution and 2.5515 m by titra- 
tion against the second. 

Experimental Results 

Tables I and I1 summarize the experimental results. All tlie experi- 
ments were carried out at  ar; average temperature within a few h~ndredths 
of a degree of 25.00°, as determined by a standardized platinum resistance 
thermometer. Since the temperature coefficient of the specific heat is 
small, no correction was required in any case and the exact temperature 
of each experiment is not tabulated. Each series of experiments is num- 
bered chronologically. m is the molality in moles per 1000.0 g. of water. 
All weights are reduced to the vacuum standard. Ag is the galvanometer 
deflection when the temperature of the calorimeters has been raised exactly 
one degree. 

The thermally equivalent weight of water in each experiment is deter- 
mined from the galvanometer deflection in the manner described in our 
former paper.2 

Water standardizations made at frequent intervals showed a few indi- 
vidual variations slightly larger than before (amounting to +0.03% in 
one case and -0.03y0 in another). Twelve of the experiments, however, 

TABLE I 
SUMMARY OF RESULTS FOR LITHIUM HYDROXIDE SOLUTIONS AT 25 

Solution, A Equiv. wt. Specific .P iP 
Expt. m g. mm. of water ht. sa (obsd ) (calcd.) 6 m  

14 0.0404 250.904 f3.4 250.438 0.99814 -22 - 18 0.201 
15 250.963 f1.2 250.482 .99808 -24 
7 .0900 251.394 4-0.7 250.495 .99642 -15.9 -16.2 .300 
8 251.374 f1.9 250.468 .99640 -16.1 
5 .I600 252.040 +3.1 250.443 .99366 -15.8 -15.0 .400 
6 252.085 f1.4 250.476 .99363 -16.1 
3 .3586 253.756 t.0.3 250.502 .9871g1 -12.11 -12.46 .599 
4 253.776 -1.0 250.527 .98721 -12.05 
12 .6418 255.968 f2.0 250.465 .97850 -10.07 - 9.95 .SO1 
13 256.008 +I. 8 250.470 .97837 -10.27 
1 1.213 259.657 f3.4 250.437 .96454' -6.13 -6.18 1.101 
2 259.647 f3.9 250.426 .96454 - 6.13 
9 2.2728 265.020 -8.1 250.673 .9458ga -1.17 -1.09 1.508 
10 265.870 -5.7 250.624 .94624 -1.01 
11 265.870 -5.7 250.624 ,94624 -1.01 

a These values were corrected for the known C1- and Na+ in the solution, assuming 
linear change of s with mole per cent. at  any one concentration of OH-. The correc- 
tions were: +0.1 X lo-" 9 '0.6 X lo-" a 30.1 X lo-'. 

(2) Gucker and Schminke, Tars JOURNAL. 54, 1358 (1932). 
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TABLE 11 

SUMMARY OF RESULTS FOR SODIUM HYDROXIDE SOLUTIONS AT 25 O 

Solution, Ag, Equiv. wt. Specific * 0 
Expt. m g. mm. of water ht., S" (obsd.) (calcd.) dm 
14 0.0396 251.067 +3.7 250.431 0.99747 -24 -23 0.199 
15 251.210 -1.5 250.537 .99732 -28 
16 251.165 -1.6 250.539 .99751 -23 
20b 251.200 -1.8 250.545 .99739 -26 
9 .0910 251.905 -1.5 250.537 .99457 -19.9 -21.3 ,302 

10 251.857 +0.1 250.504 .99463 -19.2 
18 .I635 252.945 +1.8 250.468 .99021 -20.2 -19.5 .404 
19 253.025 -1.6 250.541 .99018 -20.5 

7 .2394 253.961 +0.6 250.495 .98635 -17.6 -18.0 .489 
8 254.005 -2.5 250.560 .98644 -17.2 
5 .4754 257.067 -1.1 250.529 ,97457 -14.51 -14.52 .690 
6 257.022 -1.4 250.535 .97476 -14.10 
3 .9999 263.069 -4.5 250.599 .952611 - 9.28  - 9.10  1.000 
4 262.960 +0.4 250.498 .95262 - 9.26 

11 1.8261 270.297 -0.2 250.510 .92683= - 2.99 - 2.96 1.351 
12 270.376 -3.2 250.574 .92679 - 3 . 0 2  
13 270.258 +0.2 250.503 .92693 - 2 . 9 3  
17 270.196 +6.1 250.381 .92669 - 3.07  
1 2.5513 258.945 -9.8 235.736 .910413 + 1.31 + 1.34 1.597 
2 275.150 -1.0 250.527 .91055 + 1.37 

" These values were corrected for the known K+ present in the solution, assuming 
linear change of s with mole per cent. at any one concentration of OH-. The correc- 
tions were: 1 +O. 1 X lo-'; a +0.3 X a '0.4 X 10-4. 

The solution for Expt. 20 was made up determinate from the 0.1635 m solution 
and freshly boiled distilled water, in order to check independently the other experiments 
at  the same concentration. 

checked as well as before and showed that there was no permanent change 
from the calibration lines given on page 1363 of our previous a r t i ~ l e . ~  These 
were made the basis of our present calculations. 

The specific heat, s, is obtained by dividing the equivalent weight of 
water by the weight of solution taken. The apparent molal heat capacity, 
cP, is calculated as before from the equation 

where MZ is the molecular weight of the solute. The atomic weights used 
are those of the 1932 table. Since the specific heats are measured a t  2 5 O ,  
the values of cP are in calorie units corresponding to this temperature. The 
calculated values of Qi are obtained from linear equations for cP against %/E, 
derived from the experimental values by the method of least squares. Each 
value of @ is given a weight proportional to m, since the error in cP caused 
by a given percentage error in s is much larger in dilute than in concen- 
trated  solution^.^ 

(3) Ref. 2, p. 1366. 
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In Figs. 1 and 2 values of Q, for all the experiments are plotted against 
1/Z, together with the calculated best straight line through these points. 

0 0.4 0.8 1.2 1.6 
V'K 

Fig. 1.-Lithium hydroxide: circles, Gucker and Schminke; triangles, 
Richards and Rowe. 

I t  is evident that in both cases the straight lines represent the data within 
the experimental error from 0.04 m to over 2 m. There is no indication of 
an upward turn in the dilute end of the curve, at  about 0.16 m, such as we 

0 0.4 0.8 1.2 1.6 
dZ 

Fig. 2.-Sodium hydroxide: circles, Gucker and Schminke; dots. 
Richards and Gucker; triangles, Richards and Rowe, recalculated 
by Richards and Hall. 



noted previously in the case of potassium hydroxide and hydrochloric acid, 
and the lines are continued to zero concentration. 

The results for sodium hydroxide are in excellent agreement with the 
earlier work of Richards and Rowe (as recalculated by Richards and 
and of Richards and Gucker.6 These results (at 18O) are extrapolated to 
25' by means of the temperature coefficient between 16 and 20' (d@/dt = 
0.325) determined by Richards and Gucker for a single solution NaOHe- 
25H20 (+i = 1.49). Both sets of data were determined from the heat 
capacity of this same concentrated solution and the temperature co&cient 
of the heats of dilution of this solution to lower concentrations, using the 
well-known Person-Kirchhoff relation. The values of @ are plotted in 
Fig. 2 and show a maximum deviation from our line which corresponds 
to only 0.07% difference in s (at = 0.745) for the data of Richards and 
Gucker and 0.14% (at l /Z  = 1.05) for the earlier work of Richards and 
Rowe. 

Our results for lithium hydroxide also agree reasonably well with 
those of Richards and Rowe6 which, because of the less satisfactory purity 
of the material, they state "can hardly be considered as more than prelimi- 
nary." The values for @ calculated from their data were extrapolated 
from 18 to 25O, assuming that the temperature coefficient was the same 
as that of sodium hydroxide. A glance a t  Fig. 1 will show that all these 
values of @ lie considerably above ours. The line which they define is 
included for comparison. Its slofie, which depends only on the temperature 
coefiicient of their heats of dilution, agrees very well with that of ours. 
The position of the line depends wholly on the specific heat of the Li0H.- 
100 H20 (4E = 0.745), which they measured directly and which is only 
0.14% higher than that calculated from our results. The corresponding 
value of 8, indicated by the black triangle, lies 2.6 calorie units above our 
line. If they had measured directly the most concentrated solution (.\/G = 

1.49) the same percentage difference in s would only have affected @ by 
0.7 calorie unit, and their whole line would have been in much better agree- 
ment with ours. 

From the equation for the apparent mold heat capacity as a function of 
the square root of the concentration, it is a simple matter to obtain the 
partial molal heat capacity of the solute (ch) and the relative partial molal 
heat capacity of the solvent (c*l - c:) by the method of Randall and 
Rossini.' The requisite equations are - 

C, = * + 1/2m1/a (d@/dml/*) and 
- - 
cpl - cg = - - 55.507 '/zm1/ I- ( d,/* 

(4) Richards and Hall, Tars JOURNAL, 61, 734 (1929). 
(6) Richards and Gucker, ibid., 51, 722 (1929). 
(6) Richards and Rowe, ibid., 43, 781 (1921). 
(7) Randall and Rossini, ibid., 61, 323 (1929). and Rossini, Bur. Stondavds J Research, 4, 316, 

(1930). 
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sincerthese quantities are very useful in numerous thermodynamic calcu- 
lations, we have included them here. The equations which summarize our 
results for the two solutions are thus found to be 

LiOH NaON 
rf, = -19.98 + 12.53 my/, - 9. = -26.59 + 17.49 ml/l 

- zh = -19.98 + 18.80 ml/r - - C, = -26.59 + 26.24 ml/t 
C, - Cg = -0.1129 m3/s c, - l",f = -0.1579 ma/* 

Summary 

We have used the adiabatic twin calorimeter method to determine the 
specific heats of aqueous solutions of lithium and sodium hydroxides a t  2 5 O  
from 0.04 m to over 2 m. From these data we have calculated the appar- 
ent molal heat capacity of the solutes. When plotted against they 
both give straight lines over the whole range of concentration. Equations 
are included for the apparent and partial molal heat capacities of the solute 
and the relative partial molal heat capacity of the solvent. From these 
it is possible to calculate the heat capacity of these solutions with great 
precision at  any concentration in the range studied. 

EVANSTON, ILLINOIS RECENED SEPTEMBER 30, 1932 
PUBLISHED MARCH 7,1933 

[CONTRIBUTION PROM THE CHEMICAL LABORATORY OP BROWN UNIVERSITY] 

Properties of Electrolytic Solutions. 111. The Dissociation 
Constant 

BY RAYMOND M. FUOSS AND CHARLES A.  US 

I. Introduction 
Experimental data for weak electrolytes in water and for most elec- 

trolytes in solvents of lower dielectric constant indicate the existence of an 
equilibrium of the type 

A +  + B ' A B  (1) 

In the preceding paper of this series,' we have shown that i t  is possible to  
describe conductance data (up to moderate concentrations) exactly by 
means of the mass action equation, provided the influence of interionic 
forces, in the usual sense of the term, on the thermodynamic properties and 
mobilities of the ions be taken into ac~ount .~  

(1) Fuoss and Kraus, Tars JOURNAL, 66, 476 (1933). 
(2) I t  should be pointed out that all terms in activity and migration velocity of higher order than 

c1/2 in concentration are necessarily included in our dissociation constants derived from conductance 
data. Since the method of calculation is applied only to low (ion) concentrations, we believe that our K 
describes primarily the e5ect which we are naming mass action, i. e.. the formation of electrically 
neutral structures from ions. I t  is evident, both on experimental and theoretical [Kramers, Proc. 
Amsterdam. 80, 145 (1827)j grounds that some sficcific interaction between ions of opposite charges 
must be considered in addition to  the interionic effect described by Debye's time-average potential 
The specific interaction is most simply treated by means of arguments based on Equation (1). 



The relative concentration of ions was defined as the fraction of the 
total solute free to carry the current in the conduction process, and the 
concentration of undissociated molecules was determined by difference. 
It was assumed that the undissociated molecules were normal in their 
thermodynamic behavior and that the dielectric constant of the solution 
was that of the pure solvent. These assumptions appeared to be justified 
by the results obtained in accounting for conductance data. 

It is our present purpose to discuss the mechanism underlying (1) and 
to compare our results with experimental data. We assume that the 
ions in a solution may be treated as uniformly charged spheres which, on 
account of solvation, are presumably larger than the corresponding gaseous 
ions. The electrostatic forces between ions will cause ions of unlike 
charges to attract one another, and for any pair of ions the mutual potential 
energy as a function of distance is given by Coulomb's law. If two unlike 
ions "approach to contact," a definite amount of energy is required to 
separate them; if this energy is much less than the kinetic energy of the 
solvent molecules, thermal agitation will soon dissociate the ion pair, while 
if the energy is considerably greater, the ion pair has a good chance of 
existing for some time. These considerations permit us to express the 
energy and hence the dissociation constant of an electrolyte in terms 
of the size of the ions involved and the dielectric constant of the solvent. 

A similar calculation has been made by B j e r r ~ m , ~  and applied to elec- 
trolytes in solvents of fairly high dielectric constant. The ion sizes cal- 
culated from activity data seem somewhat small, and it is quite possible 
that ion sizes so determined include other effects than association. In 
view of Bjerrum's result that electrolytes with sum of radii greater than 
3.5 X cm. will not associate to any great extent in water, combined 
with ideas of ion sizes derived from other sources, it seems quite probable 
that most salts are completely dissociated in water. It is only in solvents 
of lower dielectric constant, where the Coulomb energy is correspondingly 
greater, that an ion pair has sufficient energy to be stable. Also, in sol- 
vents of lower dielectric constant, the fraction of solute associated is suf- 
ficiently great to permit its accurate determination by means of con- 
ductance experiments. 

In this paper the dissociation constant, calculated on the hypothesis of 
Coulomb forces, will be derived as an explicit function of the dielectric con- 
stant of the solvent and of a parameter a, the "ion size." The results 
have been compared with experimental data covering a variety of salts 
and solvents. Particular attention has been given to the dependence of 
dissociation constant on dielectric constant; this has been investigated over 
a range of dielectric constant from 2.4 to 40. The calculated dissociation 
energies agree with experimental values very closely over the entire range. 

(3)  Bjermm, Kgl.  Danske Vidensk. Selskab., 7 ,  No. 9 (1926); Falkenhagen, "Electrolyte." 
Verlag von S. Hirzel, Leipzig. 1932, p 267 8. 
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11. The Dissociation Constant 
We are given a binary electrolyte dissolved in a volume V of solution. 

Let there be N ions of each charge, so that the number of ions per cubic 
centimeter, n, equals N /  V. Then, if a positive ion with charge + e is in a 
volume element dvl, the probability that a negative ion with charge -e will 
be in a volume element dv2 a t  a distance r ~ z  from dvl is 

e2 
P = n exp (-) dv~dv~ 

r 1 9 k T  

where D is the dielectric constant, k is Boltzmann's constant, and T is the 
absolute temperature. In spherical coordinates, with the origin at  the 
first ion, this is 

e2 P = n exp (-) r2 sin6 dB dp dr dvl 
rDkT 

If we keep the positive ion fixed, P has a minimum at a distance 
r,h =-p = e2/2DkT (2) 

The energy required to separate the two ions at a distance q is 2kT, four 
times the mean thermal energy per degree of freedom. This result was 
first obtained by B je r r~m.~  Two ions at a distance r < q are to be con- 
sidered as an associated ion pair. We may then determine4 the free energy 
t+b associated with the reaction 

A+ + B ' A B  

by evaluating the phase integral for the system 

where the positive ion is allowed to be anywhere in the volume V, and the 
negative ion ranges over the sphere between r = a (contact) and r = q 
(dissociation). Substituting a new variable of integration 

y = e 2/ (DkTr)  

and performing the integration, we obtain 

e - + / k ~  = 4r ( - ) 3 1 e r  D ~ T  y-4 dy 

The definite integral 

eta, = f e u  y-. dy 

is a function of 
b = e2/aDkT 

that is, depends on the ion size and the dielectric constant of the solvent. 
The conventional mass action constant K is expressed in terms of con- 
centrations in equivalents per liter; if we consider one equivalent of each 
species of ions, nV = N = 6.06 X 1023, Avogadro's number, and we have 
the following relation between t+b and K 

N$ = R T  In (1000 KIN) 
(4) Tolman, "Statistical Mechanics," Chemical Catalog Co., New York, 1927, p. 307. 



Substituting in (3), our final result is 

g-1 = 4 2  (L)' Q ( ) )  
1000 D k T  

The values of the function Q(b) have been tabulated by Bjerrum for 
1 < b < 15. (The function Q(b) has no physical significance for b < 2 be- 
cause b = 2 corresponds to the limiting case of complete dissociation when 
a = q). This range of b values was insufficient for our calculations; a 
further range of values is given in Table I. 

The values given in Table I are approximate. The expansion of Q(b) is 

Q(b) = { l e a  - Ei(2)  + E i ( b )  - 

and the available tables6 for the integral exponential Ei(r) = J-xe-uu-' 
m 

du run only to x = 15. We therefore used the asymptotic expansion 

in order to compute Ei(b) for b > 15, and in taking the logarithm, ('/a) 

{ e2 -Ei (2) } = 0.41 was neglected in comparison with the other terms. 
This gives 

log Q(b) = 0.4343 b - 4 log b + log (1  + 6 )  

4 4 5  4.56 s = - + , + - - + +  . . .  
b b  b 

These approximations cause an error of several per cent. in log Q(b) for b 
equal to 15, but this error decreases rapidly as b increases. 

If the dissociation constant of an electrolyte is known, Q(b) is deter- 
mined by (6). From a graph of Q(b) against b, the corresponding value of 
b is obtained, and then a is evaluated from (5). Conversely, if a is known, 
K may be computed. 

The functional relation (6) between the dissociation constant of an 
electrolyte and the dielectric constant of the solvent shows that K must 
decrease very rapidly as D decreases. If we retain only the first term 
of the asymptotic expansion, we have, approximately 

(5) Jahilcke and Emde, "Funktionentafeli~," Teubner, 1909. 
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so that l /K increases very much like eb/b. Since (-kT log K) measures 
the work done against the Coulomb forces on separating a pair of ions from 
contact (r = a) to the distance (r = q) at which their thermal motion has 
an even chance of carrying them further apart, we may interpret (6) as a 
relation between the dissociation energy of an ion pair and the dielectric 
constant of the medium. I t  should be noted that K is extremely sensitive 
to the value of a when D is small, as is shown in (7). 

Equations (6) also contains the statement that, for a given salt, dissocia- 
tion is compiete in soivents having a dielectric constant above a definite 
value. When the distance at contact is equal to (or greater than) q, the 
Coulomb forces no longer suffice to render an ion pair stable and then the 
only interaction between ions is that described by the usual "ion atmos- 
phere." The condition a = q is equivalent to b = 2 and Q(b) = 0. For 
example, for a salt with a = 6.40 X K increases with increasing 
dielectric constant until at  D = 41.4, K = 1. Beyond this value of D, 
K increases very rapidly and the limit K = w corresponds to D = 43.6 
where b = 2. In other words, on a (-log K)-D plot, the (-log K) curve 
crosses the axis at  D = 41.4 and becomes asymptotic to a vertical line a t  
D = 43.6. In solvents of higher dielectric constant, there can be no ion 
association. For a given solvent, there is likewise a maximum value of a 
above which electrolytes do not form ion pairs; for example, in water a t  
25O, this critical value of a is about 3.5 X cm. 

It is to be expected that a will depend on the atomic properties of the 
constituent ions of the electrolytes. But there is considerable evidence 
indicating that the ions are solvated, i. e., that each ion is surrounded on 
the average by a certain number of solvent molecules which accompany 
the ion in question. (This average number need not, of course, be in- 
tegral.) consequently, the value of a may also depend on the atomic 
properties of the solvent. In general, we might except that the more in- 
tense the field around an ion, the greater will be the value of a. If two 
solvated ions approach within a distance r < q, they probably will approach 
to "contact" and will form an ion pair (which will eventually be dis- 
sociated by a high speed collision). As an approximate model of the 
solvated ion, we may picture the central ion as a small sphere carrying a 
charge 2 e, surrounded by several shells of solvent molecules, the inner 
shells firmly bound and the outer layers less and less firmly held (or, 
better, oriented with respect to the central ion), until a t  a moderate dis- 
tance from the center a solvent molecule has a good chance of assuming a 
random orientation. On this basis, as two ions form an ion pair, it seems 
reasonable to suppose that the center to center distance a of the ion pair 
will be less than the sum (rl + rz) of the radii of the freely migrating ions, 
because the effective dielectric constant of the polarized solvate shell 
around each ion is certainly less than the macroscopic dielectric constant, 



and the Coulomb forces are correspondingly increased. The ions may 
indeed approach so closely that the assumed spherical symmetry of the 
charge of the central ion no longer obtains. The mechanism of the ion- 
pair formation as here pictured is undoubtedly over-simplified; neverthe- 
less, it provides a tentative working scheme which appears to be in agree- 
ment with the facts available. 

111. Comparison with Experiment 

Influence of the Dielectric Constant.-We shall first consider the 
dissociation constant of tetraisoamylammonium nitrate. The conduct- 
ance of this salt has been measured at 25O in dioxane, water, and in a series 
of mixtures of dioxane and water covering the dielectric constant range 2.2 
to ao.= 

In water, the salt is a strong electrolyte. The conductance in the 
dilute region is nearly linear against the square root of concentration, and 
extrapolation by Onsager's method gives AO = 86.9. This small value of 
A. indicates a rather large ion size, which, indeed, might be expected for a 
salt of this structure. Despite the fact that the observed conductance 
curve approaches its limiting tangent from below, we are inclined to con- 
sider the salt as completely dissociated in water and to ascribe the negative 
deviations to causes other than incomplete dissociation? 

In a mixture of dioxane and water containing 53% water, with a di- 
electric constant of 38.0, the A-6 curve is nearly parabolic at  concentra- 
tions below 0.002 N. The viscosity of dioxane-water mixtures has been 
determined8 at 20 and 40' for several compositions. We have interpolated 
values for our mixtures at  25O in order to evaluate the coefficient of the 
square root term in the conductance equation. Using Onsager's approxi- 
mate equation - 

A = AO - Z/G - (Ao/K) c 

we obtain A0 = 42.8 and K = 0.28. Using A. = 42.8 and a = 69.5, and 
computing K for several higher concentrations by means of equations (2), 
(3) and (7) of our previous paper,' where ,!? = 1.51 and 6 = 1 .O, we obtain 
the following results: c = 0.00748, 0.00441; A = 36.32, 37.72; y = 
0.9865, 0.9875; f = 0.759, 0.806; K = 0.31, 0.21, av. 0.26. 

The values of the constants A. and K for the mixtures containing 20.2 
and 14.95% water were obtained by our intercept method. The specific 
and derived constants are as follows: water content = 20.2, 14.95; D = 
11.9,8.5; = 0.0174,0.0161; 0 = 8.6, 13.5; A d  = 79, 100; A. = 34, 31; 
li: = 9.0 x 10-4, 1.00 x 10-4. 

For lower concentrations of water, we have no data at  electrolyte con- 
centrations sufficiently low to permit the application of the intercept 

(6) Kraus and Fuoss, THIS JOURNAL, 56, 21 (1933). 
(7) Onsager, Physik. Z., 28, 296 (1927). 
(8) Herz and Lorentz, Z. physik. Chcm , 140, 407 (1929). 
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method of determining AO and K. The ion concentrations are quite small 
on account of the low dissociation, so that the interionic terms may be es- 
timated with fair accuracy; the difficulty is that the effect which eventually 
produces a minimum in the conductance curve causes deviations from 
our equations which prevent extrapolation for Ao. At concentrations well 
removed from the minimum, we may make a good estimate of K if we 
assume a reasonable value of AO (based on viscosity) and estimate the 
corrections due to interionic effects. For the present, the deviations due to 
the minimum will be neglected; in the concentration range used bdow to 
calculate K this is justified. In the next paper of this series, the situation 
at the minimum point will be considered. 

The mixture containing 9.5y0 water has a dielectric constant of 5.84 
and a viscosity of 0.0161. Assuming ifo = 30, a = 473, 6 = 4.5, j? = 25, 
we obtain the following: c X lo4 = 0.835, 1.378, 2.66, 4.01; A = 4.53, 
3.74, 2.90, 2.48; y = 0.1605, 0.1336, 0.1055, 0.0915; f = 0.815, 0.785, 
0.743, 0.715; K X lo6 = 1.69, 1.74, 1.82, 1.89. The increase of K with 
increasing concentration is due to the neglected influence of the minimum, 
which makes the conductance greater than it would otherwise be. Ex- 
trapolating the above values of K to zero concentration in order to eliminate 
this error, we obtain K = 1.65 X for D = 5.84. Similar calculations 
for the other mixtures containing smaller amounts of water lead to the 
values of log K given in Table 11. 

TABLE I1 
CONSTANTS FOR TETRAISOAMYLAMMONIUM NITRATE IN DIOXANE-WATER MIXTURES 

O/o Water D - log K K E ,  cal. a X 101 

0.60 2.38 15.7 2 X 10-lg 2 1,400 6.01 
1.24 2.56 14.0 1 x 10-l4 19,100 6.23 
2.35 2.90 12.0 1 X 10-lP 16,400 6.36 
4.01 3.48 9 .6  2 . 5  X 10-lo 13,100 6.57 
6.37 4.42 7.53 3.0 X 10,300 6.65 
9.50 5.84 5.78 1.65 X lo-' 7,900 6 .45  

14.95 8 .5  4.00 1.00 x lo-' 5,450 6.50 
20.2 11.9 3.05 9.0 x lo-' 4,150 6.70 
53.0 38.0 0.60 0.25 820 6.15 

In the fourth column are given the values of K and in the fifth column 
the corresponding energies, E = - RT In K, the dissociation energies per 
gram molecule. It will be noted that in solvents of low dielectric con- 
stant the dissociation energy reaches values comparable with those of 
ordinary reactions. 

On substituting values for the constants in (6), we obtain for 25' 
K-I = 1.320 X lo6 D-8Q(b) 

whence 
- log K = 6.120 + log Q(b) - 3 log D (8) 

By means of (8), log Q(b) is determined, and from a graph of this function 
against b, values for b are obtained. These, substituted in (5), together 
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with the appropriate dielectric constants, yield the values of a tabulated 
in the sixth column of Table 11. 

In the various dioxane-water mixtures considered above, the molar 
water concentration was always greatly in excess of the salt concentration. 
Furthermore, in view of the high polar moment of water, it seems reason- 
able to assume that the solvate molecules would be predominantly water, 
and that the relative hydration of the solute ions would be more or less 
independent of the absolute water concentration at the high water con- 
centrations involved. In this event, we might expect that a would be 

the same for any mixture of di- 
oxane and water. This is actu- 

15 
ally the case as is shown in Table 
11, the extreme variation being 
only 1Oyo. 

Using the average value, a = 
6.40 X cm., we may com- 
pute the dissociation constant of 

d tetraisoamylammonium nitrate 
M in any mixture of dioxane and 
3 
I water by means of equations (4), 

(5) and (6). The result of this 
calculation is shown in the ac- 
companying figure, where (-log 
K) is plotted against log D. 
The circles represent the experi- 
mental values. The agreement 
between the observed values 
and those calculated on the basis 

0.5 1.0 of a single value of a is satis- 
Log D. 

factory over a range of fifteen 
Fig. 1.-Dissociation constants for tetraiso- 

amylammonium nitrate in dioxane-water mix- powers of ten in the constant K. 
tures. Solid curve calculated, circles observed. It is interesting to note that no 

association of the type described 
by our equations is possible for tetraisoamylammonium nitrate in mixtures 
having a dielectric constant greater than 43.6, where the curve tends to 
1/K = 0 (log K = m). 

Influence of the Solvent Medium.-The same electrolyte in different 
solvents will have different values of a, if this parameter depends on the 
solvent as well as on the solute. We have applied the intercept method to 
the conductance data for solutions of silver nitrate in the following solvents: 
acetonitrile at  25': benzonitrile a t  250,1° and ammonia at - 3 3 O . "  The 

(9) Walden and Birr, 2. ghysik. Chcm., 144. 269 (1929). 
(10) Martin, J. Chem. Soc., 3270 (1928). 
(11) Franklin and Kraw. Am. Chcm. J . .  98,277 (1900); THIS JOURNAL, a?, 191 (1905) 
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constants for these systems were obtained by extrapolation of the con- 
ductance data by the method previously described by us.' 

The values of A0 and (-log K )  thus obtained are given in Table I11 
in the first and second columns; the values of a calculated from the dissocia- 
tion constant by means of (4), (5) and (6) are given in the third column; 
the dielectric wnstants and polar moments of the s~lvents '~ are given in the 
last two columns. 

TABLE I11 
CONST.~NTS FOR SXLYER NITXATE IN nf1r~ERl3hT SOLVENTS 

Solvent An - log K a X 10s D P X  10" 

Benzonitrile 55.2 3.495 1.62 25.2 3.91 
Acetonitrile 186 1.775 1.90 36 3.11 
Ammonia 291 2.314 5.78 22 1.49 

I t  will be noted that a varies from solvent to solvent, and that, while 
neither log K nor a changes in the same order as D, a decreases as the 
electrical moment of the solvent increases. Although the values of a for 
the nitriles seem somewhat small, the results are in accord with what might 
be expected of silver nitrate in these solvents. Ammonia forms a very 
stable complex with silver ion, even in water. Hence, in ammonia, the 
positive ion is relatively large, and solvation, in the sense of solvent dipoles 
oriented by the ionic field, further increases the effective radius. The 
result is that silver nitrate is a much stronger electrolyte in ammonia of 
dielectric constant 22 than in benzonitrile of dielectric constant 25 

Influence of the Ions.--Finally we shall consider a series of different 
salts in the same solvent: the nitrates of the alkali metals in liquid am- 
monia a t  -40°.13 The constants are given in Table IV. The single con- 
ductances are computed on the basis of Franklin and Cady'sl* transference 
data which give A (N03)/A(K+) = 1.006 at -33'. 

TABLE IV 
CONSTANTS FOR THE ALKALI METAL NITRATES IN AMMONIA AT -40° 

Salt Ao K x 10' a x 10s Ion Ao (ion) r* X 1@ 

LiNOa 277 36.5 5.04 Li + 112 0.28 
NaN03 295.1 28.84 4.46 N a +  130.1 0.41 
KNO, 329.0 14.71 3.57 K + 164.0 0.82 
RbN03 341.8 11.41 3 34 Rb+ 176.8 1.20 
CsNOp 333.5 9.66 3.21 Cs+ 168.5 1.48 

For this series the variation of the dissociation constant is perfectly 
regular; the salts become weaker electrolytes (K and hence a decrease) 
as the atomic number of the cation increases. This indicates a decreasing 
solvation as the size of the external electron ring in the alkali metal ion 

(12) Smyth, "Dielectric Constant and Molecular Structure." Chemical Catalog Co.. New York, 
1931. 

(18) Monosson and Pleskow, Z. physik. Chem., A156, 176 (1931). 
(14) Franklin and Cady, Tars JOURNAL, 26,499 (1904). 
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increases, that is, as the external field due to the single excess charge in the 
nucleus of the ion becomes progressively weaker and consequently exerts 
less force on the solvent dipoles. This is also shown by the ion conduct- 
ances, which increase regularly from lithium to rubidium. The reversal 
from rubidium to cesium does not appear surprising in view of the fact 
that  the radius r* of the external electron shell in the alkali ions, as cal- 
culated by Pauling,ls changes but little in going from rubidium to cesium. 
The solvation is apparently about the same for the two ions, and the net 
sphere equivalent to the cesium ion plus solvate is a little larger than that 
for rubidium. No values for radii calculated from do are given, because 
the equations of motion of a charged particle in a dipole liquid are not yet 
known with sufficient certainty.16 

In the light of the foregoing discussion, it appears that the application 
of Coulomb's law to the (binary) ionic equilibrium in solvents of widely 
varying dielectric constant accounts for the change of dissociation constant 
with dielectric constant within the limit of experimental error. The func- 
tion connecting K and D involves only a single disposable parameter a, 
of the nature of a distance. The value of this parameter depends on the 
constituent ions of the electrolyte, and, for a given electrolyte, on the 
properties of the solvent medium. For mixtures of dioxane and water a 
has a constant value. The results of the present investigation therefore 
lend support to the view that the so-called mass action effect is primarily 
controlled by Coulomb forces between the ions. 

Summary 

1. Bjerrum's ion-pair model for undissociated molecules of electrolytes 
in solution gives a physical picture which agrees well with observed con- 
ductance data. 

2. The dissociation constant of a binary electrolyte is a function of the 
dielectric constant of the solvent, and can be evaluated numerically if the 
value of a parameter a is given. 

3. The parameter a depends on the atomic properties of solute and 
solvent, and is roughly an additive function of the constituent ions. 

PROVIDENCE, RHODE ISLAND RECEIVED OCTOBER 1, 1932 
PUBLISHED MARCH 7,1933 

(15) Pauling, Proc. Roy. Soc. (London), 8114, 181 (1927). 
(16) M. Born, Z. Physik, l, 221 (1920)- H. Schmick, ibid., 84, 66 (1924). 
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Thermodynamic Properties of Fused Salt Solutions. VII. 
Zinc Bromide in Lead Bromide 

The investigation herein described represents a continuation of a series of 
studies on the thermodynamics and free energies of fused salt solutions 
begun by Hildebrand.' Unlike this initial work, where the chlorine elec- 
trode was formed by a polarization method, the bromine electrode utilized 
by the author has been produced by bubbling electrolytic bromine vapor 
over a graphite rod dipping into the cell melt as previously de~cr ibed.~ 

The lead bromide used in the cells, and as a source of bromine, was 
prepared by precipitation with a slight excess of "c. P." hydrobromic acid 
from a lead acetate solution. The precipitate was repeatedly washed by 
decantation with a very dilute solution of the acid, then dried, first by 
suction and finally a t  150° in a furnace for twenty-four hours. The zinc 
bromide, obtained from commercial sources of highest purity, was fused to 
partially free it from water. Final traces of moisture were removed from 
the cell by bubbling dry hydrogen bromide gas through the melt for an 
hour and a half. The lead used as the negative electrode was prepared by 
the electrolysis of lead bromide which had been similarly freed from mois- 
ture and hydrolysis products. The composition of the cell contents was 
determined after the run by converting the bromides to sulfates, in which 
form the lead was weighed.' 

The results of the e. m. f. measurements are given in Table I and are 
shown graphically in Fig. 1. The values for pure lead bromide are the 
results of four separate cells, three of which are indicated in the figure by 
points of different type and were run at Berkele~.~ The mean deviation of 
the points from a straight line in Fig. 1 is less than 0.2 mv. while the maxi- 
mum deviation is 1.0 mv. 

The fluctuations of these Pb(liq.), PbBr2(liq.), ZnBrz(liq.), Brz(g.), cells 
were found to be more marked than those for any of the previous systems 
studied by the author. More than usual fluctuations were also found in 
the cell, Zn(liq.), ZnBrz(liq.), Br2(g.), while cells of Cd(liq.), CdBrz(liq.), 
Brz(g.) could not be measured due to metal fogs forming in sufficient 
amount to short the cell soon after the hydrogen bromide gas had been shut 
off and bromine bubbling begun. Thus it is likely that slight formation 
of metal fog by zinc may be responsible for this unsteadiness. 

Reproducible cells for 0.9 mole fraction of zinc bromide in lead bromide 
(1) Hildebrand and Ruhle, THIS JOURNAL, 49, 722 (1927). 
(2) Salstrom and Hildebrand, ibid., 63. 4641 (1930). 
(3) Cf. Treadwell-Hall, "Aaalytical Chemistry," Vol. 11, John Wiley and Sons, Inc., New York. 

1919. p. 174. 



E. M. F. VALUES OF THE CELL, Pb(liq.), PbBrt(liq.), ZnBrz(liq.), Brp(g.) 
E. m. f.  obs., E. m. f. obs., E. m. f. obs., 

Temp., OC. volts Temp., 'C .  volts Temp., 'C. volts 

Cell A(Nl 
423.2 
438.3 
443.5 
450.5 
451.0 
453.0 
465.6 

Cell B(N, = 0.902) 
400.6 1.0945 
425.0 1.0798 
425.9 1.0792 
452.6 1.0635 
453.3 1.0632 
475.4 1.0500 
494.3 1 .0384 
506.8 1.0311 

Cell C(NI = 0.794) 

Cell D(N1 
395.1 
396.3 
426.5 
444.3 
469.2 
471.0 
497.4 
508.2 1.0389 

Cell E(Nl = 0.604) 
402.6 1.1046 
416.8 1.0959 
417.1 1.0957 
442.4 1.0817 
442.6 1.0815 
466.7 1.0674 
479.7 1.0603 
491.0 1.0532 
491.2 1.0530 
511.2 1.0424 

Cell F(NI = 0.486) 
401.9 1.1104 
402.2 1.1101 
424.0 1.0977 
424.9 1.0974 
450.4 1.0821 
450.7 1.0819 
473.3 1.0697 
496.1 1.0571 

Cell G(NI 
405.7 
406.2 
428.7 
456.8 
470.7 
496.1 
518.1 

Cell H(N1 = 0.288) 
403.5 1.1193 
419.8 1.1107 
420.0 1.1110 
452.3 1.0946 
475.3 1.0826 
511.8 1.0639 

Cell I(N, = 0.210) 
392.1 1.1306 
408.7 1.1223 
418.7 1.1175 
437.1 1.1091 
438.6 1.1087 
442.6 1.1072 
445.9 1.1055 
474.1 1.0917 
501.9 1.0789 

Cell J(NI = 0.200) 
429.1 1.1143 
429.3 1.1142 

could not be obtained. Analysis of the lead electrode removed from these 
cells showed traces of zinc. In cells of 0.8 mole fraction of zinc bromide no 
such traces of zinc were found in the lead and reproducible results were 
obtained. The author has calculated the free energy of the reaction, Pb + 
ZnBrz = PbBr2 + Zn, to be +10,990 cal. a t  500' using an unpublished 
value of 1.2702 volts for the e. m. f. of the cell, Zn(liq.), ZnBr2(liq.), Brz(g.), 
obtained in this Laboratory. The analysis showed, and this value seems 
to  indicate, that displacement of zinc from zinc bromide by lead does not 
take place at or below 0.8 mole fraction of zinc bromide. 
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To determine if the molal volume of the solution differs from additivity, 
density measurements were made upon pure zinc bromide and upon a half 
mole fraction solution of zinc bromide and lead broinide. The method was 

similar to that previously de~cribed.~ The results are shown in Table I1 
and the values for zinc bromide and the solution may be represented by the 
equations, dt = 3.776 - 0.000913t and dt = 5.086 - 0.001248t, respec- 
tively. 

TABLE I1 
DENSITIES OF LIQUID ZINC BROMIDE AND OF ITS SOLUTION WITH LEAD BROMIDE 

100% ZnBrz 100% ZnBrz 50% ZnBrz, 50% PbBm 50% ZnBrz, 50% PbBrt 
Temp., OC. Density Temp.. ' C .  Density Temp., 'C .  Densrty Temp., O C .  Denslty 

407.0 3.405 462.3 3.354 401.9 4.585 469.2 4.501 
409.9 3.402 483.6 3.334 408.5 4.576 488.6 4.476 
423.9 3.389 499.7 3.320 423.6 4.558 505.7 4.455 
435.9 3.378 512.0 3.309 440.0 4.538 521.8 4.435 
448.9 3.364 453.0 4.521 

Using the density values for lead bromide previously obtained by the 
a u t h ~ r , ~  the molal volumes of lead bromide and zinc bromide have been 
calculated to be 67.05 and 67.85 cc., respectively, at 500' while a t  400° 

(1) Salstrom, Tars JOTJRYAL, 54, 2653 (1932) 



their respective volumes are 65.60 cc. and 66.03 cc. The volumes of a 
mole of solution were found to be 66.36 cc. a t  500° and 64.56 cc. a t  400'. 
Thus the observed solution volumes differ from additivity by being 1.09 cc. 
less a t  500' and 1.26 cc. less a t  400'. 

Since the chief interest lies in the relation of free energy to composition a t  
constant temperature, Fig. I was made upon a large scale, and the values 
for the e. m. f.'s at  each composition determined at  the temperatures, 400, 
450 and 500'. From these have been calculated the free energy of forma- 
tion of lead bromide from molten lead and bromine vapor, AFI, the free 
energy of dilution or the partial molal free energy, Fl, the temperature 
coefficient, dE/dT, the entropy change, Asl, the partial molal entropy, S1, 
the heat of formation,  AH^, the partial molal heat, El, the activity of lead 
bromide in the solutions, all taking pure lead bromide as the standard 
state, and the activity coefficient of lead bromide, 7. 

These values are given in Table 111, and Fig. 2 curves A and B show the 
free energy of dilution of lead bromide, -GI, plotted against log 1 / ~ ~  a t  the 
temperatures of 400 and 500°, respectively, where NI is the mole fraction 
of lead bromide. 

These curves may be compared with those predicted by Raoult's law 
which assumes that a1 = NI. In this case, the assumption of no ionization, 
or of complete ionization of both salts with no change in the interionic 
forces, makes no diierence since in the latter case dilution with zinc 
bromide would make no change in the proportion of the bromide ion, the 
only effect being a substitution of lead ion by zinc ion reducing the activity 
of the former and hence of lead bromide in proportion to N ~ .  Such calcu- 
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lations give at 400 and 500" curves C and D, respectively. Thus i t  is seen 
that a t  the higher temperature, curve B, agreement is very good up to 0.6 
mole fraction of lead bromide. Beyond this point a small but increasingly 
positive deviation takes place. At the temperature of 400°, curve A, 
there is considerably greater positive deviation from Raoult's law which 
persists throughout the entire range of composition. This can be seen 
with equal readiness by noting the increase in the activity coefficients 
above unity in Table I11 on proceeding to lower temperatures. 

This positive deviation of the results from Raoult's law is contrary to 
that  found for the free energy of dilution of lead chloride by zinc chloride 
investigated by Wachter and Hildebrand,s where a marked negative devia- 
tion was found. Their observed results a t  500" are shown in Fig. 2 by 
curve E. If an explanation of the deviation of al from NI is sought in the 
difference of dissociation of the zinc and lead salts, i t  is found that i t  leads 
in the correct direction for lead chloride, but in the wrong direction for lead 
bromide. Positive deviations from Raoult's law are frequently accom- 
panied by an expansion on mixing, and vice versa, since a respective weaken- 
ing and strengthening of the internal forces might be expected. Such an 
explanation would seem plausible in accounting for the negative deviation 
found for lead chloride where contraction on mixing zinc and lead chlorides 
amounting to a little over one per cent. was found. However, such an 
explanation is not applicable to this system where a positive deviation 
is shown by lead bromide a t  400" in spite of almost a two per cent. con- 
traction on mixing. The very much better agreement of this salt with 
Raoult's law at  500" indicates that the partial molal entropy differs from 
that  of an ideal solution, indicating that the randomness of the arrangement 
in the solutions differs a t  the two temperatures. A more searching treat- 
ment of this system will be attempted later when data for other systems 
now being investigated will be a t  hand. 

By graphical integration of the equation given by the Duhem relationship 

the activities, a2, and activity coefficients, y, of zinc bromide in the solutions 
have been obtained. In performing this integration the difficulty is 
encountered that N ~ / N ~  rapidly approaches infinity as log al/N1 approaches 
zero. This will not, however, produce any change in the ratio between 
two values of a2/~2 regardless of what method of extrapolation may be 
chosen. It thus becomes more convenient to evaluate the activity of the 
solute by choosing the standard state of zinc bromide as the pure salt, 
rather than the customary state of infinite dilution. With the aid of the 
equation 8 2  = RT In a2 the partial molal free energy of zinc bromide also 
was obtained. These values when added to the free energy of formation of 

( 5 )  Wachter and Hildebrand, THIS JOURNAL, 62, 4655 (1930). 
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zinc bromide from molten zinc and bromine vapor, A F ~ ~ ,  given above, 
yield AF~. These values are given in Table IV, while Fig. 3 shows the 

0 0.2 0.4 0.6 0.8 1 .O 
Mole fraction of lead bromide. 

Fig. 3.-Relation of the activities of lead bromide and zinc 
broniide to their compositions at 400". 

activities of lead bromide and zinc bromide at 400' plotted against their 
mole fractions. 

TABLE IV 
TIIERMODYNAM~C PROPERTIES OF ZINC BROMIDE IN THE SOLUTIONS 

- - 
NZ ae Y ~4 Aae ~a at -r PZ Ax2 

At 400°C. At 500°C. 
1.000 1.000 1.00 0 -61760 1.000 1.000 1.00 0 -58620 
0.800 0.852 1.06 - 210 -61970 0.800 0.812 1.01 - 320 -58940 

.790 .844 1.07 - 230 -61990 .790 .803 1.02 - 340 -58960 

.712 .792 1.11 - 310 -62070 .712 .730 1.03 - 480 -59100 

.608 .717 1.18 - 440 -62200 .608 .637 1.05 - 690 -59310 

.514 .630 1.23 - 620 -62380 ,514 .564 1.10 - 880 -59500 

.396 .509 1.29 - 900 -62660 .396 .443 1.12 -1250 -59870 

.296 .397 1.34 -1240 -63000 .296 .331 1.12 -1700 -60320 

.206 .283 1.38 -1690 -63450 ,206 ,230 1.12 -2260 -60880 

.098 ,140 1.43 -2630 -64390 .098 .I10 1.12 -3390 -62010 

Summary 
E. m. f. measurements of the cells, Pb(liq.), PbBrz(liq.), ZnBrz(liq.), 

Br2(g.), have been made a t  mole fractions of lead bromide varying between 
1.00 and 0.20 a t  temperatures from 390 to 520'. 
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Calculations have been made of the activities, activity coefficients, free 
energies of formation, and partial molal free energies of lead and zinc 
bromides. 

Density measurements have been made upon zinc bromide and a fifty 
mole per cent. solution of zinc bromide and lead bromide which may be 
expressed by the equations: dt = 3.776 - 0.000913t for the salt, and dt = 

5.086 - 0.001248t for the solution. 
The positive deviation of the results from Raoult's law has been briefly 

discussed. 
CAMBRIDGE, MASSACHUSETTS RECEIVED OCTOBER 14, 1932 

PUBLISHED MARCH 7. 1933 

[CONTRIBUTION FROM THE SCHOOL OF CHEMISTRY OF THE UNIVERSITY OF MINNESOTA] 

The Photochemical Polymerization of Methylacetylene and 
Allene 

The photochemical polymerization of acetylene has been studied quanti- 
tatively by Lind and Livingston,' who compared the quantum yield with 
the ion pair yield2 of the radiochemical reaction. The radiochemical work 
has been extended by Heisig3 to include the polymerization of a number of 
the simpler unsaturated hydrocarbons. The following deals with the 
photochemical polymerization of two of the compounds studied by Heisig, 
methylacetylene and its double-bonded isomer, allene. 

Rate of Polymerization as  a Function of Pressure 

Apparatus.-In these experiments a hot mercury arc was used, and particular care 
was taken to prevent the contamination of the reactants by mercury vapor. The details 
of the reaction system and the method of operation are described in an earlier paper.4 

The gases used were highly purified  sample^,^ kindly furnished by Dr. G. B. Heisig. 
They were further pursed by low temperature distillation before use. 

Reaction Products.-All of the gases studied (except ethylene) were polymerized by 
the action of ultraviolet light to solid (or viscous liquid) products of low vapor pressure. 

The allene polymer precipitated on the walls as a smooth white film, which was 
either a solid or a very viscous liquid. In  one experiment allene at  685 mm. pressure 
was radiated until the pressure had been reduced by 15.5 mm. The remaining allene 
was then frozen in a side tube with the aid of liquid air, and the residual pressure was 
found to be less than 0.2 mm. (the limit of accuracy of the manometer). This may be 
taken as evidence that the reaction consists of simple polymerization and that not more 
than 1% of the reaction involves the formation of hydrogen or methane. The polymer 
apparently has a higher vapor pressure than cuprene, since it can be sublimed in high 
vacuum by heating the reaction vessel with a direct flame (probably between 200 and 

(1) Lind and Livingston, THIS JOURNAL, 64, 94 (1932). 
(2) Lind and Bardwell, i b id . ,  48, 1556 (1926); Mund and Koch, J. Phys. Chem., 30, 292 (1926). 
(3) Heisig, Tars JOURNAL, 63, 3246 (1931). 
(4) Ref. 1, pp. 95-96 and Fig. 1. 
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300'). In one experiment about goy0 of the polymer produced from 15.5 mm. of allene 
was sublimed rapidly in vacuum to one end of the reaction flask. The sublimate was 
yellowish in color, and, after cooling, it was found that the pressure had been increased 
from less than 0.2 mm. to 4.5 nim.; approximately one mole of gas was formed by heat- 
ing the polymer for each three moles of allene polymerized. In  another experiment 
13.2 mm. of allene was polymerized, and the remaining gas pumped off. A vessel 
connected to the reaction system by a stopcock was filled with oxygen a t  a pressure of 
30.0 cm. This gas was allowed to distribute itself between the vessel and the evacuated 
reaction system; the resulting pressure was 146.9 mm. The stopcock was closed and 
the pressure was observed for forty-five minutes During that time there was no de- 
tectable change in pressure. To make sure that no oxygen had been absorbed instan- 
taneously, the reaction system was again evacuated and the side vessel filled to the same 
pressure as before. The gas was allowed to distribute itself as before; the final pressure 
was 147.2 mm. These experiments demonstrate that if there is any reaction between 
the allene polymer and oxygen it is slow a t  room temperature. 

Methylacetylene polymerized to a white substance, which appeared to be a solid. 
Tests for a permanent gas (methane or hydrogen) gave negative results. 

Isoprene was used in a few experiments. I t  likewise formed a white film when 
irradiated by a hot mercury arc. The polymer (or condensate) of isoprene burned in 
air readily and was sublimed in vacuum by heating with a direct flame. The poly- 
merization (or condensation) of isoprene was too slow,6 to permit the accumulation of a 
quantity of the reaction product sufIicient for other tests. 

Although ethylene was not studied quantitatively it may be worth while to report 
a t  this time the results of certain qualitative experiments on its photochemical de- 
composition. In agreement with the results of Bates and Taylor and of Olson and 
Meyers,' we were unable to obtain any indication of reaction when ethylene, a t  room 
temperature, was exposed to the complete radiation of a hot quartz mercury arc. How- 
ever, when ethylene at  27O and a t  a pressure of 75 cm. was exposed, in a fused quartz 
vessel, to the radiation from a hydrogen arc (operating at  0.2 ampere), for one hundred 
and fifty minutes, the pressure decreased by 2.9 mm. and a faint white film was deposited 
on the walls of the reaction vessel. This film sublimed (or distilled) in vacuum when 
heated with a free flame. The irradiated gas was tested for acetylene with ammoniacal 
cuprous chloride, and gave the characteristic red precipitate. The same reagent indi- 
cated that the original ethylene contained no detectable quantity of acetylene. The 
observed formation of acetylene is in agreement with the results of Mooney and Lud- 
lam,7 who obtained acetylene when they exposed ethylene, in a flow system, to the radia- 
tion from an aluminum spark. 

Effect of Pressure.-Several experiments were performed at pressures ranging from 
3.5 to 68.5 mm. but under conditions which were otherwise similar. These experiments 
are summarized in Table I. The values of the initial pressures are given in the second 

( 5 )  It is possible that isoprene may undergo a more rapid photochemical reaction which does 
not illvolve a change in pressure or the formation of a solid or non-volatile liquid. 

(6) (a) Bates and Taylor, Tars JOURNAL, 49, 2458 (1927); (b) Olson and Meyers, ibid., 48, 389 
(1926); (c) see, however, Berthelot and Gaudechon, Compt. rend., 159,1169 (1910). 

(7) Mooney and Ludlam, Trans. Faradar Soc., 25, 442 (1929). These authors suggest that the 
formation of acetylene is due to the reaction 

C H I  + hv + GHe + 2H 
The fotlowing mechanism seems somewhat more probable, and is consistent with the formation of com- 
pounds of higher molecular weight (which action was indicated by the precipitation of the film and the 
decrease in pressure). 

CzH4 + hv --+ CaHs + H 
GH3 + H --+ CzHa + Hz 

CzH) f GHl -+ CdH, + H, etc. 
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column The average temperatures are given in the third column. Since the tempera- 
ture coefficients of these reactions were not determined, no attempt has been made to 
reduce the measurements to a single temperature. The observed values of the initial 
rate, in centimeters per minute, are given in the last column To eliminate uncertainties 
introduced by the absorption of light by the film of polymer, the values of the initial rate 
a re  based upon the first 2 mm, change in pressure (except where the total change was 
less than this amount). 

RATE OF POLYMERIZATION OF ALLENE 

No. Po, em. 1 ,  OC. V, cm./min. 

1 68.5 10.5 0.029 
2 36.5 9.0 .024 
3 28.8 10.5 .027 
4 26.9 11.6 .024 
5 8.3 9.2 .017 
6 3.6 9.0 .O! 15 

Rate of Polymerization of Methylacetylene 

7 35.3 18.8 0.0120 
8 20.0 20.9 ,0085 
9 7.0 22.1 ,0060 

10 3.7 18.0 .0068 
11 3.6 19.1 .0082 

Rate of Polymerization of Isoprene 

12 19.0 29.2 0.0021 
13 11.8 26.2 .0016 

T o  illustrate the type of pressure-time curves obtained, the detailed 
results of several experiments from Table I are plotted in Fig. 1. The 
numbers attached to the curves are the experiment numbers listed in the 
first column of the table. Since the temperature of the flowing water-bath 
sometimes varied by as much as 1.5', i t  was necessary to correct the ob- 
served pressures to a constant (average) temperature, by means of the 
perfect gas laws. The volume of the quartz spiral manometer and the 
capillary connections was sufficiently small to render the effect of fluctua- 
tions in room temperature negligible. 

The data of Table I are plotted in Fig. 2 ;  the data of Table I, Ref. I, 
on the polymerization of acetylene, are also represented on the plot. The 
form of these rate-pressure curves suggests strongly that the only effect of 
pressure is to change the percentage absorption and that the rate is directly 
proportional to the intensity of the absorbed light This conclusion may be 
tested more definitely by combining the data of Table I with the results of 
absorption measurements (which are presented in Fig. 4). If the distribu- 
tion of the energy of the absorbable light produced by the optical system 
used in the absorption measurements is the same as that from the hori- 
zontal arc used in the rate measuretnents, the assumption that the rate is 
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directly proportional to the intensity of the absorbed light but is otherwise 
independent of the pressure, leads directly to the following relation8 

V = k(I sba /J~)  

where V is the rate, k is a factor which is a constant for each gas, and 
(Isb,/&) is the ratio of the intensity of the absorbed light to that of the 
incident light, in the absorption measurements. In Fig. 2, k(Iabs./Io) is 
represented by  a solid line, which (by adjusting k) has been made to coin- 
cide with the average value of V at  a pressure of 30 em. The agreement 
between the slopes of the dotted and solid lines is, in each case, close enough 
to afford strong support for the correctness of the assumption. The small 
departures may be due either to experimental error or to a difference in the 
energy distributions of the two sources. 

Determination of the Quantum Yield.-The apparatus used in these 
measurements was similar to that used in the determination of the quantum 
yield of the polymerization of acetylene, and has been described by Lind 
and Living~ton.~ 

A few minor adjusthents of the focal isolation monochromator were 
made in an attempt to reduce the amount of stray light of longer wave 

(8) See Ref. 1, p. 98. 
(9) Ref. 1, pp. 100-103. 



length, but the character of the light source was essentially the same as that 
used in the earlier measurements. 

0 20 40 60 
Pressure, cm. 

Fig. 2.-Rate of polymerization as a function of pressure. 

The energy measurements were made with the same galvanometer and 
thermopile. The results of the calibrations, which were made during the 
course of the experiments, are summarized in Table 11. 

CALIBRATION OF THE THERMOPILE AND GALVANOMETER 
Amperes through Ergs/ Average de- Ergs/sq. mm. see. 

filaments sq. mm. see., flection, mm. per mm. deflection 

0.250 4.26 264 0.01614 
.300 6.27 390 .01609 
.350 8.67 532 .01611 

The current was measured with an accurate ammeter kindly furnished by the 
Department of Electrical Engineering of the University of Minnesota. 

Calibration of the Bureau of Standards for flux a t  two meters distance from the 
standard lamp. 

When proper allowance is made for the shunt (which was used to reduce 
the sensitivity during the calibrations) and for the area of the thermopile, 
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and corrections are applied for absorption and reflection, both by the 
fluorite window of the thermopile and the second window of the quartz 
reaction vessel, the working value of the sensitivity is 3.82 ergs/sec. per 
mm. deflection. lo 

Except for a few minor improvements in the electrical circuit the differ- 
ential manometer was identical with that used in the earlier measurements. 
To reduce the effect of temperature fluctuations the reaction vessel and 
manometer were enclosed in a small box, which in turn was placed in a 
large air thermostat. No attempt was made to regulate the temperature 
during the experiments with allene, the thermostat consisting simply of a 
large box containing a small electric fan. While the temperature was 
approximately constant during each experiment, the several experiments 
were performed a t  temperatures ranging from 25 to 2g0. During the 
experiments with methylacetylene a simple, electrically shielded thermo- 
regulator was used, which kept the temperature a t  25 O. The differential 
manometer was compared, before and during the progress of the experi- 
ments, to an accurately calibrated McLeod gage, a t  pressures ranging 
from 0.7 to 0.1 mm. All of these results fitted the following semi-empirical 
equation within 1 or 2%. 

where C1 and Cz are, respectively, the initial and final readings of the vari- 
able condenser. 

To  determine the number of quanta corresponding to the energy ab- 
sorbed, it is necessary to know the average wave length of the absorbed 
light. This was determined approximately by comparing a spectrogram 
of the light emerging from the focal isolation apparatus with absorption 
spectrograms of allene and methyla~etylene.'~ A hydrogen arc, operating 
a t  3000volts and 0.3 ampere, was used as a source of light. The cell used 
in the absorption measurements was 10 cm. long, was of fused quartz, and 
was provided with plane ends Oiled process plates were used. 

The following results were obtained with a small quartz spectrograph. 
At room temperature and a t  60 cm. pressure allene completely absorbed 

(10) The correction for reflection and absorption is probably uncertain by about 10%. I t  seems 
quite probable that the value, 4.40 ergslsec. per mm., of the sensitivity used in the acetylene measure- 
ments is too high and that a better value would be 4.00 ergslsec. per mm. This change would increase 
the average value of the quantum yield for acetylene polymerization from 9.2 to  10.1, but  would not 
affect any conclusions which have been presented. 

(11) Due to  a misprint, the constant of the corresponding equation of Ref. 1, p. 102, reads 104 
instead of 108. 

(12) Absorption spectrograms of vinylacetylene were also taken, although rate measurements were 
not made with this gas. A t  35 cm. pressure absorption was complete a t  2480 A. and appreciable a t  
2540 A. When a side tube was immersed in a solid carbon dioxide-acetone bath [see Nieuwland. 
Calcott, Downing and Carter, Trns JOURNAL, 63, 4200 (1931) for vapor pressure data] the absorption 
mas complete a t  2280 and was still appreciable a t  2400 8. The absorption was definitely banded. 
The sample of vinylacetylene used in these experiments was prepared from a solution of pure vinyl- 
acetylene in toluene, kindly furnished by Dr. H. W. Ellry, Director of the Chemical Section, E. I. du 
Pont de Nemours and Company. 
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light of wave length shorter than 2340 A. and showed some absorption to 
2380 A. At a pressure of 12.5 cm. the absorption was complete a t  2290 a. 
and was appreciable at  2370 A. Methylacetylene a t  a pressure of 44 cm. 
showed complete absorption a t  2190 a. and appreciable absorption a t  
2240 A. We have, somewhat arbitrarily, taken the average wave length 
of the light absorbed in the quantum yield experiments as 2200 a. for 
methylacetylene and 2300 A. for allene. The value of the energy of a 
quantum based on these estimates is not likely to be in error by as much 
as 5%. 

After the completion of the rate and quantum yield measurements, a 
Steinheil spectrograph with two quartz prisms became a

v

ailable for our use. 
This instrument was adjusted for minimum deviation of A 2200 A. An iron 
arc was used as a reference spectrum. 

Absorption spectrograms of acetylene were taken at  a pressure of 45 cm., 
with a side tube immersed in a mixture of solid carbon dioxide and acetone. 
A series of sharply defined bands were obtained between 2230 and 2100 A. 
These bands occur between the regions photographed by Herzberg13 and 
by Kistiakowsky.lYhis is in agreement with the fact that the pressure 
of acetylene was intermediate to the pressures used by these investiga- 
tors. Since the absorption of the fused quartz cell used in these experiments 
set in a t  about 2100 A. it was impossible to observe bands a t  shorter wave 
lengths or to determine whether any continuous absorption was present. 

No banded structure could be detected in the spectra of either allene or 
methylacetylene. The apparent transmission limits, while varying some- 
what with the time of exposure, are in agreement with those determined 
with the small spectrograph. Allene was photographed a t  a pressure of 
51 cm. and also with a side tube immersed in a mixture of solid carbon 
dioxide and acetone (corresponding to a pressure of about 6 cm.). The 
limit of transmission was about 2330 A. for the higher pressure, about 
2200 a. for the lower. Methylacetylene was photographed a t  44 cm. 
pressure. Cooling the side tube to -23', which is above the boiling point 
of methylacetylene, had no effect whatever on its absorption spectra. 

These results throw some doubt on the interpretation of the quantum 
yield measurements for allene and methylacetylene. The existence of a 
continuous absorption for allene and methylacetylene would not have been 
predicted, and the observation of a continuous (or quasi-continuous) 
absorption suggests that the observed absorption may be due to the pres- 
ence of (less volatile) impurities. However, the following facts may be 
cited as evidence against the hypothesis that the continuous absorption is 
due to impurities. 1. The gases were very carefully prepared and puri- 
fied8 and neither vapor pressure measurements15 nor molecular weight 

(13) Herzberg, Trans, Paraday Soc., 17, 378 (1931). 
(14) Kistiakowsky, Phys. Rev., 37, 276 (1931). 
(15) Livingston and Heisig, THIS JOUCTIING~ 52,2409 (1930); a l s ~  HdSig, unpublished work. 
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determinations gave any indication of the presence of impurities. 2. An 
impurity if present was apparently not light sensitive, since there was no 
change in rate of polymerization during the course of an exposure (other 
than that observed in the preliminary experiments due to the formation of 
an opaque film of polymer on the window.) 3. The products of polymeri- 
zation of the two compounds were apparently identical, and there was 
never (in either preliminary or final measurement) any detectable quantity 
of bromine forrned.16 4. The observed absorption limits and the total 
absorption of methylacetylene and acetylene differ by only 10yo. 5. 
Immersing a side tube of the absorption cell in a low temperature bath did 
not affect the absorption spectra of methylacetylene a t  all, and only shifted 
the absorption limit of allene to an extent comparable with its reduction in 
pressure. 

The answers to the questions raised here must await the development of 
new methods of preparation of these gases or of more certain methods for 
their purification. A comparison of the ion pair and quantum yields of 
acetylene with those of methylacetylene and allene indicates that  if an 
impurity were present (in the latter two) and if it had any effect on the 
results, i t  must have been acting as an internal filter, not as a sensitizing 
agent. 

The procedure followed and the precautions observed in the final series 
of rate measurements were similar to those discussed by Lind and Living- 
ston.l7 To illustrate the type of pressure variations obtained, the detailed 

Quanta Molecules 
Ergs/sec. absorbed reacted 

No. P, mm. Ap, mm. 1, min. absorbed X 10-17 X lo-" df/Q 

Average 2.5 

Determination of the Quantum Yield of Methylacetylene 
7 386 0.131 60 245 0.99 3.35 3 . 4  
8 371 .I41 100 150 1.03 3.6 3 . 5  
9 371 .096 100 140 0.92 2 . 5  2 . 7  

10 233 .I30 72 175 .84 3 . 3  3 . 9  
11 162 .I29 70 175 .82 3 . 3  4.0 

Average 3 . 5  
(16) The method of preparation of allene (3) would suggest that the most probable impurity would 

be dihromopropene. It should be noted, however, that a halide was not used in the preparation of 
methylacetylene. 

(17) Ref. 1, pp. 104-106. 
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results of several experiments are plotted in Fig. 3. The readings of the 
variable condenser are plotted against time in minutes. The numbers on 
the curves are the experiment numbers of Table 111. 

0 20 40 60 
Time in minutes. 

Fig. 3.-Rate of polymerization. 

The percentage absorption of light by allene and by methylacetylene, in 
the reaction vessel and at the pressures used in the rate measurements, was 
determined in separate series of measurements. These experiments are 
summarized in Fig. 4. The percentage of the transmitted light absorbed 
is plotted against the pressure of the gas. The corresponding results for 
acetylene18 are also represented in this figure. I t  is interesting to note that 

(18) Ref. 1. Fig. 6. 
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both in the total absorption of the light from the focal isolation apparatus, 
and in the limits of absorption indicated by the spectrograms, methyl- 
acetylene is similar to the structurally related acetylene, but differs widely 
from its (double-bonded) isomer, allene. 

The results of six determinations of the quantum yield of the polymeri- 
zation of -allene and five of that of methylacetylene are summarized in 
Table 111. 

0 20 40 60 
Pressure, cm. 

Fig. 4.-Absorption as a function of pressure. 

The pressures listed in column two are the initial pressures of the reacting 
gas. The total change in pressure in millimeters is given in column three, 
and the corresponding decrease in number of gas molecules (X lo-'') is 
given in column seven. The duration of the experiments in minutes is 
given in column four. The average energy of the absorbed light in ergs per 
second is given in column five. These values are based upon measurements 
of the ene5gy of the transmitted light, made a t  fifteen-minute intervals 
during the course of each experiment, and upon the percentage absorption 
data recorded in Fig. 4. The total number of quanta absorbed ( X  10-17) 
is given in column six. The quantum yield is given in the last column. 



It is apparent that, within the limits of experimental error, the quantum 
yield is not dependent either upon the pressure of the gas or upon the 
intensity of the absorbed light. 

In Table IV the average values of the quantum yields are compared to 
the ion pair yields for the four polymerization reactions which have been 
studied, with both forms of activation. The formula of the gas polymer- 
ized is given in the first column. The quantity listed in the last column is 
the ratio of the ion pair yield to the quantum yield. 

COMPARISON OF ION PAIR YIELD TO QUANTUM YIELD FOR POLYMERIZATION REACTIONS 

Gas polymerized M / N  M / Q  ( M / N ) / ( M / Q )  

The only regularity which is apparent from these data is that the quan- 
tum yield is never greater than the ion pair yield. This same relation has 
been found to hold for all other reactions which have been studied both 
radiochemically and photochemically. It would not be justifiable to place 
too much emphasis on the exact value of the ratio ( M / N ) / ( M / Q ) .  I t  is 
difficult to estimate the probable error of the absolute value of M / N ,  but 
i t  is probably about 10%. Due to possible uncertainties in the energy 
 measurement^,^^ the probable error of the absolute value of M / Q  may be 
as great as 20 or 30%. In addition to the uncertainty in the values of the 
ratios, it must be remembered that in the cases of allene and methylacetylene 
the products of reaction are apparently different for the photo and radio- 
chemical reactions. It is also quite probable that the values of the ratio 
are functions of temperature. The effect of temperature has been studied 
only in the case of acetylene, but in that case the ion pair yield is inde- 
pendent of temperature, from 0 to 100°,2 while the photochemical reaction 
has a ten degree temperature coefficient of 1.25.22 

While this paper was in proof, it came to our attention that Berthelot 
("Notice sur les travaux scientifiques de M. Daniel Berthelot," Paris, 
1917, p. 130) had previously reported that methylacetylene polymerizecl 
under the influence of light to a white solid. This reference is quoted by 
Dahr ("The Chemical Action of Light," London, 1931, p. 303); we have 
not yet obtained access to the original. 

I n  conclusion we wish to express our appreciation of-the assistance of 
Savetta L. Livingston in the performance of the quantum yield measure- 

(19) Lind, Bardwell and Perry, TaIs JOURNAL, 48, 1556 (1926).  
(20)  Hogness and Liu-Sheng Ts'ai, ibid., 54, 123 (1932).  
(21) See Leighton, J .  Phys. Chem., 96,1882 (1932). 
(22) Ref. 1. pp. 98-99. 
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ments, and of Henry M. Davis and Dr. George Glockler in the adjustment 
of the Steinheil spectrograph. 

Summary 

1. Both allene and methylacetylene are polymerized to white solids 
when they are exposed (separately) to ultraviolet light. 

2. The results of Mooney and Ludlam on the photolysis of ethylene 
have been confirmed. 

3. Qualitative determinations of the long wave length limit of absorp- 
tion for allene, methylacetylene and vinylacetylene have been made. 

4. The quantum yield for the polymerization of allene is 2.5; for methyl- 
acetylene, 3.5. For both reactions the quantum yield is independent of 
the pressure and of the intensity of the absorbed light. 

5. A comparison of quantum yields to ion pair yields has been made for 
four polymerization reactions. 

MINNEAPOLIS, MINNESOTA RECEIVED OCTOBER 17, 1932 
PUBLISHED MARCH 7, 1933 

Extra Specific Heat in Cuprous Sulfide; Specific Heat of 
Ferrous Oxide 

Determinations of the specific heat of cuprous sulfide up to 900' have 
shown a region of abnornlally high specific heat at  300° and above, where 
there is no corresponding crystallographic change of state, Since such 
variations in specific heat are of recent discovery and are now being studied 
in various substances, it seems desirable to publish the data. Along with 
them are given two specific heats of ferrous oxide, determined, apparently, 
for the first time. 

Method and Apparatus 

The method is the "dropping" method, with a water calorimeter. The furnace was 
practically the same as reported on in 1921,' platinum wound on a thin-walled alundum . 
tube of 28 mm. inner diameter, and 30 cm. high. At that time there were vertical 
gradients of 30" in 12 cm, at  900' and a difference of 8' between the specimen and the 
thermocouple junction immediately beside it. In the present case similar differences 
were reduced to 2 " 

The chief agent in this improvement was a separately heated plug in the furnace 
bottom, which was disconnected just before being dropped out to make way for the speci- 
men. Since the maximum temperature was only 900' this plug could be more easily 
made and preserved than in some previous work, where 1400' was reached. A de- 
scription of this pIug will be published elsewhere. 

(I )  Iatent heats of xneltitig of  ricke el and monel metal, White. Chcm.  Met.  Eng.. 26, 17 (1921). 



Tests made on another furnace, where a heavy silver tube gave great uniformity of 
wall temperature, had given strong indication that irregularity of temperature was 
produced in the furnace cavity by conduction of cold down the mullite insulating and 
supporting tubes. Hence the specimen was supported from below on a small shelf, and 
was inside a heavy sheet gold cylinder (0.4 mm. thick) closed entirely at the top save for 
a small hole to admit the platinum thermocouple and its two slender insulating capillary 
tubes. A Marquardt tube 6 mm. in diameter passing down outside the cylinder acted 
as a shaft to hold the shelf, and turn it aside in making the drop. 

Although the high conducting power of the gold undoubtedly helped to equalize 
temperature, conduction alone can easily be shown to be of limited value for structures of 
any size. But the high reflecting power of the surface must have equalized the radiation 
within the cylinder, and thus diminished the difference of temperature between the speci- 
men and the thermocouple beside it. 

A special difliculty arose through the necessity of protecting the specimens from the 
air. The only trustworthy way to do this appeared a t  the time to be by inclusion in 
silica glass tubes. Since these had to be drawn down and sealed after the specimens 
were in them they had to be rather small, and were actually 1.3 cm. in diameter. As a 
result the total heat capacity of cuprous sulfide and container averaged over 2.5 times 
as much as that of the specimen alone, and the accidental error of each final result was 
therefore around 2.5 times that of the determination which gave it. The ratio for FeO 
was only a little more favorable. 

The heat loss in dropping the specimen, and also much of the systematic error of the 
temperature distribution in the container, was canceled by the method of the best ex- 
perimenters, namely, dropping a blank container. The container results at  400 and 
700' were obtained by interpolation on a curve derived from the other four results and 
also from the curve for silica glass published in 1919. 

The comparison, summarized in Table I, shows a very significant differ- 
ence between the older and the newer values. The increase in the mean 
specific heat of silica glass from the interval 0-300' to the interval 0-900° 
appears to be 0.0008, or 0.35%, greater by the later determinations, al- 
though the heat loss in dropping, which affects the later but not the earlier 
results, must have lowered the values for higher temperatures more than 
those for lower. This discrepancy calls for investigation as soon as a 
suitable furnace is ready. I t  cannot be due to greater radiation from the 
furnace to the calorimeter at 900°, for successful and consistent special 
measurements showed that such radiation caused less than O.OOO1° rise. 
Until this discrepancy is explained we cannot tell whether it makes the low- 
temperature results for cuprous sulfide too high or too low. If it is due to a 
difference in the two kinds of silica used, as seems quite possible, of course 
it causes no error at all. But in any case the resulting error would be only 
one-sixth of the abnormal difference between the cuprous sulfide specific 
heats for the two lower intervals, hence it does not shake the evidence for 
the existence of a real abnormality. 

The error from vaporization and splashing as the specimen strikes the 
water in the calorimeter was completely eliminated by a combination of 
two excellent devices each of which had previously been used alone by 
others. These were Plato's narrow cup, knocked under the surface of the 
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water by the specimen falling into it, and a spring shutter, closing the 
calorimeter top. 

In 1920, with temperatures of 1270' and above, each of the "silky" 
silica inclosures, with one exception, cracked the first time it was dropped 
into the water. The crack was heard about a minute after the drop, and 
hence was presumably due to cristobalite formation, which would be 
effective when the cristobalite inversion temperature, about 180°, was 
reached in cooling. In the present case all three inclosures, of clear 
silica, are still intact, though slightly opaque on the surface. That for the 
~mprous sulfide, after 18 drops, has lost 27 mg. out of 8.18 g. The other 
two have lost no perceptible weight. 

In order to prevent the specimens, which were in small lumps, from 
packing and splitting the inclosures, they were put in cases of thin 
sheet metal, copper for the cuprous sulfide, and platinum for the ferrous 
oxide. 

Materials 

The cuprous sulfide was a sample of natural mineral which had been 
analyzed for some previous work.2 The analysis gave: Cu, 78.68; S, 
20.32; Fe, as pyrite, 0.69; SOz, none; total 99.78; ratio of Cu to S, 
2.032: 1. When heated in the unsealed silica tube in a hydrogen atmos- 
phere i t  lost 22 mg. in about 8.5 g. It is probable that a little of the loss 
was moisture, but most was sulfur, from the pyrite impurity. The correc- 
tion for remaining impurities is probably a little under 2 per mille, and 
negative. On the other hand, the excess copper in the CuzS increases the 
mean atomic weight of i t  0.00207 times. If we assume that the mean 
atomic heat is the same for this mixture as for the pure compound, an 
assumption surely good to 20% of the small difference involved, the specific 
heat of the actual mixture is below that of the pure compound by 2 per 
mille, which almost exactly offsets the other correction, so that the specific 
heat of the total mass dropped may be taken to be, well within the experi- 
mental error, the same as that of the pure material. 

The ferrous oxide was some of the material made a t  the Fixed Nitrogen 
Research Laboratory for R. W. G. Wyckoff's work on its x-ray structure. 
The only impurity is magnetite. Dr. H. E. Merwin kindly selected su- 
perior lumps by use of an electromagnet, and analyzed them under the 
microscope. The impurity is about 6%. An approximate correction for 
this single impurity is given below. 

Below 570° FeO is unstable. In order to avoid the effects of the slow 
transformation which takes place at  temperatures somewhat below that, 
the specimen was put into the hot furnace, rising above 600° in about six 
minutes. 

(2) The sulfides of copper, Posnjak, Allen and Merwin, Econ. Gcol., 10, 608 (1915). 
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TABLE I1 

CUPROUS SULFIDE, 30-700°, 8.533 G. CuzS 

Serial number of experinlent 18 27 28 
Furnace temp., U" 700.7 700 8 700.9 
Final temp., Lo 29 9 29 8 29 7 
Total calories 2316 1 2317 0 2316 I 
Cals., less Cu 2224.9 2225 8 2224.8 
Interval heat of silica, 0 "-U " 0.241&1, 0.24184 0.24184 
Total heat of silica per g , 0 "-U" (calcd ) 169.70 169 76 169.82 
Total heat of silica, 0 "-Lo (calcd.) 5.16 5.14 5.12 
Total hcat of silica, L o  U" 161 54 164 62 164.70 
Total cal. SiOz 1399.6 1398.8 1399.0 
Total cal. CuzS 825 3 827.0 825.8 
Cal. per g. CuzS, Lo-U" 96.69 96 89 96.75 
Cal. per g. CU~S, 30-700" 96.586 96.760 96.594 
Average 96 647 

TABLE IV 

FERROUS OXIDE, 30-700'. 900"; 10.1058 G. FeO 

Serial number I1 12 13 14 
Furnace temp 700 3 700.8 900.7 900.1 
Lower temp. 29.8 29.5 29 3 29.5 
Total cal. 2779.5 2783 2 3706 8 3704.1 
Total per g. FeO even intervals 123 91 123 92 163 22 163.31 

The silica glass containers weighed, respectively, 9.1494 g., 8.530 g. and 
8.1640 g. 

TABLE V 

VALUES OF THE HEAT REQUIRED ro RAISE CUPROUS SULFIDE THROUGH SUCCESSIVE 

INTERVALS 

Calories per gram 

300400 " 14.96 
400-500 O 13 19 
500-600 " 12.98 
600-700 " 12.02 
700-900 " 2 X 12 82 

Discussion 

A consideration of the discrepancies between the individual observations 
indicates that the decrease from the second to the third value appearing 
here may not be real, though it probably is, but that the other changes, and 
especially that from the first to the second value, do actually exist. 

Since only two values for FeO were obtained, the most elaborate equation 
that can be derived for its specific heat is one of two constants. 

Taking such an approximation as the only one available, we have the 
interval specific heat as 

0 17508 + 0 0000135t 

and the true specific heat, therefore 
0.17508 + 0 000027t 



This equation is evidently most nearly accurate between 700 and 900". 
According to it the interval specific heat increases about 1.44% in 200" 
near those temperatures. Another oxide of a heavy metal which has been 
determined with considerable accuracy in this region is zinc oxide.3 Its 
interval heat increases a little over 2y0, from 0.14370 to 0.14661, in the 
same interval. The equation for it, holding from 700 to 1100°, is ap- 
proximately 0.13304 + 0.0000158t - 0.0000000008t2, which may give some 
sort of idea of the deviation from linearity to be expected in such specific 
heats. The mean atomic heat of the zinc oxide at  800° is 6.35, that of the 
ferrous oxide, 7.1. The well-known atomic heat curves of oxides are of such 
a character that the higher the atomic heat is, the less rapidly it increases 
with temperat~re.~ Hence the association of the lower mean atomic heat 
of the zinc oxide with a higher rate of increase of the heat is entirely normal. 
This relation, however, properly applies when the atomic heat is below the 
Dulong and Petit value, 5.96. Its appearance, therefore, when the atomic 
heat is far above that value is of considerable interest. But it can hardly 
be discussed adequately without more data. 

If we assume that the mean atomic heat of magnetite is the same as that 
of ferrous oxide the specific heat of magnetite is to that of ferrous oxide as 
36: 33.14, or, nearly enough, as 12: 11. Hence the specific heat of the 6y0 
of magnetite impurity is in the ratio of 6 X 12 against 94 X 11 for the 
ferrous oxide, and the actual total heat is in the ratio of 72 + 1034, or 1106, 
against 1100 for pure ferrous oxide. Hence 6/1106 or 0.54% may properly 
be subtracted from all ferrous oxide values given thus far. 

Precision, that is, Agreement, of the Results.-Of the twelve different 
points determined, one-third show a discrepancy corresponding to 0.8O or 
over of furnace temperature, or 0.003O of calorimeter temperature, and 
these discrepancies are about as great a t  low as a t  high temperatures. At 
700' and above the proportional precision is 1 per mille or better, which is 
about as good as any previous work, even where conditions were much 
easier. It agrees rather well with the observed inhomogeneities of furnace 
temperature. The equally large, and proportionally larger, errors a t  the 
lower temperatures are puzzling. Some of the causes of error, including 
those apparently the most serious, such as furnace temperature hetero- 
geneity, must have been much smaller. The few errors which might have 
had the same size throughout, such as that in finding the final calorimeter 
temperature, which was about the same in all cases, are shown by system- 
atic tests5 and careful study to have been almost certainly negligible. 

Lag in the distribution of the furnace temperature, which appeared very 
strikingly indeed in the studies made on the furnace, and which is greater 
a t  lower temperatures, appears, partly by a process of exclusion, to be the 

(3 )  Day and White, THIS JOURNAL, 48, 369 (1926) 
(4) Compare White, 4 m .  J. Sci., 47,22 (1919) 
( 5 )  Partic~~larly the kitid rlescr~hed in z h f ~ l . ,  47, 7 ,  53. 54 (1919). 
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only thing which can reasonably be suggested as a cause of these errors. 
If that is the chief cause, a repetition made with that point in view should 
increase the precision somewhat. This, however, would be an unprofitable 
proceeding; a furnace of different type can be made far more precise a t  
lower temperatures than any practicable furnace of wire and refractories 
can possibly be. Indeed, all other lower temperature specific heat work in 
our laboratory has been done with a special f ~ r n a c e ; ~  and there was no 
expectation, when the present work was started, of making observations 
below 600'. These were undertaken when the first results, a t  higher 
temperatures, showed that there was something very peculiar lower down. 
If further examination of the anomaly in CuzS near 300° seems desirable, 
it should undoubtedly be done with a lower-temperature furnace. Mean- 
while the data of chief metallurgical importance, at higher temperatures, 
for which the work was undertaken, seem quite satisfactory, though the 
proposed reexamination of the specific heat of silica glass may change them 
slightly. 

Acknowledgment.-Grateful acknowledgment is made to the Phelps 
Dodge Corporation and to the Carnegie Steel Company, who suggested 
this work, and contributed liberally to its cost. 

Summary 

The specific heats of ferrous oxide for the intervals 30-700° and 30-900°, 
and those of cuprous sulfide for six intervals up to 900°, were determined 
by the dropping method with various improvements in furnace and calo- 
rimeter. 

The necessity of inclosing against the air (in silica glass) diminished 
precision, especially by increasing the amount of dead material and by 
compelling the thermoelectric thermometer to be outside the sample tested. 
This about offset the effect of the improvements in apparatus, so that the 
precision a t  the higher temperatures only averages the same as in the best 
previous work. 

At the lower temperatures some of the results are not as good. 
Over an interval of several hundred degrees, centering somewhere near 

300°, there is an excess specific heat in cuprous sulfide of 3 or more calories 
per gram, similar to those discovered in rhodium near 1300°, in manganese 
dioxide near 90°K., and in (to date) about a dozen other substances. 

WASHINGTON. 1). C RECEIVED OCTOBER 27, 1932 
PIJBLISHED MARCH 7. 1933 

(6) White, Phys.  Rev., 31, 681 jlH10). 



A Revision of the Atomic Weight of Arsenic. I. The 
Analysis of Arsenic Tribromide. 11. The Analysis of 

Arsenic Trichloride 

In a recent determination of the atomic weight of arsenic, Krepelkal has 
found the value 74.934 for this element by analysis of arsenic trichloride. 
In calculating the result, however, the atomic weight of ch1orine.i~ assumed 
to be 35.458. If the more probable value for chlorine, 35.457, is used, 
Krepelka's value is raised to 74.938.2 Aston3 from results with the mass- 
spectrograph finds arsenic to be a simple element with the packing fraction 
-8.8 X and the atomic weight 74.934. But this value has not been 
corrected from the physical scale, 0 1 6  = 16.0000, to the chemical scale. 
If the conversion factor of Babcock and of NaudC, 1.00012, is used the 
atomic weight of arsenic becomes 74.927, but with the equally possible one of 
Mecke and Childs, 1.00022, the atomic weight of arsenic is 74.919. The 
original exact agreement of Krepelka's and Aston's results thus disappears. 

Recent success in the preparation and analysis of volatile inorganic 
halides in this4 and other laboratories led us to use similar methods in the 
case of arsenic. The results of this work were satisfactory so far as can be 
told and yield an atomic weight of arsenic slightly less than 74.91. 

I. The Analysis of Arsenic Tribromide5 

Two samples of arsenic tribromide were prepared, the first of which served only for 
preliminary analyses. The method of synthesis from the elements and purification by 
prolonged fractional distillation in exhausted all glass apparatus resembled closely that 
used in the investigations cited above. 

In the preparation of Sample I ,  crystals of commercial metallic arsenic were placed 
in a glass bulb to which were attached two special all-glass valves (D, Figure I), which 
could be opened by breaking a t  will, and the bulb was highly evacuated. In another 
glass bulb, attached to the first through one of the valves, was placed a slight deficiency 
of the purest bromine and, after the air had been flushed out of the bulb by boiling the 
bromine under reduced pressure, the glass tube leading to the pump was sealed. Then 
the valve between the bulbs was opened and the bromine vapor was allowed to act upon 
the arsenic at ordinary temperature. Occasional agitation was necessary during this 
operation in order to avoid accumulation of bromine in the bromide, which remained 
above the melting point owing to the heat of reaction. The bulb was allowed to stand 
- -- 

(I) Krepelka, Coll. trau. Chzm. Tchecoslov , 2 ,  255 (1930). 
(2) See first report of the International Committee on Atomic Weights for 1930, THIS JOURNAL, 

63, 1627 (1931). 
(3) Aston, Proc. Roy. Soc (London), 8116, 505 (1927) 
(4) Baxter, Weatherill and Scripture, Proc. Am. Acad , 68, 245 (1923), Baxter and Scott, ibid., 

69 ,21  (1923); Baxter and Fertig, TKIS JOURNAL, 46, 1228 (1923); Baxter and Cooper, Proc. A m  Acad., 
69, 235 (1924); 60,291 (1925); Baxter and Butler, THIS JOURNAL, 48,3117 (1926): 60,408 (1928). 

(5) The purification and analysis of arsenic tribromide was carried out by W E. Shaefer. 
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for some time until all evidence of uncombined bromine had disappeared. Preparatory 
to distillation the bulb containing the bromide was connected to a pump through a capil- 
lary and the bromide was boiled under reduced pressure to flush out gases, especially 
hydrogen bromide, before it was permanently sealed. 

The bromine had been purified by a standard method used in this Laboratory. con- 
sisting in brief of the following steps. two successive distillations from solution in concen- 
trated aqueous potassium bromide, the bromlde in the second distillation having been 
made from a portion of the product of the first distillation; conversion to potassium 
bromide by means of potassium oxalate and fusion of the product with permanganate to 
eliminate organic matter; removal of iodine by liberation of a small proportion of the 
bromine with acid permanganatc and boili~g; liberation of zbwt  8@y6 d the remaining 
bromine with pure permanganate and sulfuric acid; drying with phosphorus pentoxide 
and distillation. 

Fig. 1. 

The arsenic tribronlide was distilled from the excess of arsenic into a second similar 
bulb connected to the first by a special valve and previously exhausted, and then was 
fractionally distilled in apparatus resembling that shown in Fig. 1. The Hernpel column 
attached to the still was filled with glass beads and during the distillation was warmed 
with a flame sufficiently to prevent choking of the column. I n  each distillation the more 
volatile fraction was collected in small bulbs, 1, 2 ,  beyond the column, while a residual 
fraction was either left in the still or collected in small attached bulbs, 55, 56. During 
the tenth distillation the apparatus was broken, and as the quantity of material re- 
mainmg was small, it  was discarded. A diagram of the distillation is shown in Fig. 2 
in which the capital letters represent the main portions and numbers to the right repre- 
sent more volatile and numbers to the left less volatile fractions. The sequence of 
numbers as a whole represents gradually decreasing volatility so far as any such differ- 
ence actually existed. 

The originally brown tribromide improved rapidly in appearance as the fractiona- 
tion proceeded. After the first few distillations the liquid substance was pale yellow 
and the solidified nearly colorless; but even a t  the end the residue in the still always 
possessed a dark color. Three only of the head fractions were analyzed with the results 
indicated on the diagram and in Table I, Series 1. 



Sample I1 was prepared from pure bromine and arsenic in essentially the same man- 
ner as Sample I: From the weights of arsenic and bromine used the weight of tribro- 
mide synthesized was calculated to be approximately 425 grams. Only minor rnodifica- 
tions were made in the construction of the distillation apparatus as shown in Figure 1. 
The Hempel columns were suitably warmed by electrically heated sleeves. 

In spite of the fact that an excess of arsenic was employed in the synthesis the most 
volatile fraction in the first distillation was red and appeared to contain free bromine 
Possibly this was liberated at  the temperature of the still (160" *) from a higher bro- 
mide (e. g., ferric bromide), resulting from impurity of iron in the arsenic. The least 
volatile fraction was grayish white after solidification. 

In the second distillation, after removal of 
the light fraction, the tribromide was distilled 

HEMV upon copper strips, in order to eliminate free 
bromine if present. Reaction with the copper 
was evident for the color of the distillate dis- 
appeared and the copper became coated with a 
black substance, possibly AsBr8, 7 Cu6 or metal- 
lic arsenic or both. In the ,third distillation 
from the copper the light fraction, 2 (Fig 3), 
was nearly colorless when liquid and solidified 
to a white solid. The fourth and fifth fractiona- 
tions also were from copper, but a t  that point 
its use was discontinued since no further effect 
was found. The heavy fraction 47 from the 
eleventh distillation was hydrolyzed with water 
and the product subjected to spectrographic 

"740e2 examination in a graphite arc, with a Fery 
quartz spectrograph. No evidence of the pres- 

-74 8s7 ence of copper, tin or antimony could be de- 
tected. During the twelfth distillation the 

'74 937 apparatus was opened to the air by the cracking 
of the Hempel column after three light frac- 
tions, 12, 13 and 14, had been removed. 

Fig. 2.-AsBr8, I. Since over 200 grams of material remained 
it was poured into a new apparatus, the air was 

flushed out by boiling the tribromide under reduced pressure and, after the system had 
been sealed, the fractionation was continued until only enough material remained to fill 
the six bulbs 28 to 33. An outline of the complete fractionation is shown in Fig. 3, 
with the atomic weights corresponding to the fractions analyzed. 

The method of analysis was as follows. The exhausted sealed bulb containing the 
tribromide was weighed under water of known temperature by means of a tared plati- 
num basket. Then it was cleaned, dried and weighed by substitution. At the same 
time the density of the air was found by weighing a standardized sealed glass globe.' 
Next the bulb was broken under 100-200 ml. of ammonia in a closed flask with a ground 
stopper, and after two tdthree hours the glass fragments were collected and weighed. 

After a preliminary investigation the method of collecting the glass on a filter paper 
was given up because of the great difficulty in washing clean a filter through which the 
ammoniacal arsenite solution had been passed, even if the filter is subsequently washed 
with dilute nitric acid. On the other hand, platinum-sponge Gooch crucibles were 
found more satisfactory, for the excess in weight found when empty glass bulbs were 

(6) Hilpert and Herrmann, Ber., 46, 2224 (1913). 
(7) Baxter, THIS JOURNAL, 43, 1317 (1921). 
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broken under ammoniacal arsenite and the fragments, after being collected on a weighed 
crucible, washed with one per cent. nitric acid, was found to be 0.10 mg. as the average of 
six experiments varying from 0.16 to 0 04 mg. This observed excess in weight was 
applied as a correction in early analyses. In later analyses the glass was treated with 
hot 20% nitric acid, since it was found that glass so treated retained nothing from the 
arsenic solution, and no correction mas applied. From the weight and volume of the 
bulb and the weight of the glass the wenght of the tribromide in vacuum was found. 
Then a quantity of the purest silver8 as nearly as possible equivalent to the tribromide 
was weighed out and dissolved slowly in nitric acid with especial pains to avoid loss by 

Fig. 3.-AsBra, 11. 

spattering. After dilution until 0.08 to 0.1 normal the silver solution was quantitatively 
added to the bromide solution, which had been made acid with nitric acid and possessed 
approximately the same concentration as the silver nitrate. Occasional agitation for a 
period of a week followed and then portions of the solution were tested in a nephelometer 
for excess of bromide or silver. If a deficiency of either was found 0.01 normal solution 
was added and the nephelometric test repeated until the exact end-point had been 
reached. The process of testing the solutions in most cases extended over six to seven 
months so that occluded material so far as possible should have opportunity for extrac- 
tion. In  fact changes amounting to +0.1 mg. of silver on an average occurred between 
the second and the sixth month. This is in accord with the evidence secured in an in- 
vestigation by Baxter and Greeneg in this Laboratory in which it was found that in the -- 

(8) For an outline of the method of purification see Baxter and Ishimaru, THIS JOURNAL, 51, 1730 
(1929). 

(9) Baxter and Greene, ibid , 53, 611 (1981) 



precipitation of ammonium bromide by silver nitrate a dilution of 0.03 normal was 
necessary to prevent occlusion of bromide although with ammonium chloride a concen- 
tration of 0.1 normal was apparently safe. How much effect this may have had in earlier 
work with bromides is difficult to  determine. 

Both the bulb and the silver were weighed by substituting weights for the carefully 
tared object. Weights were standardized by the Richards substitution method.1° 
Vacuum corrections and the densities on which they were based are as follows: 

Vacuum correction 
Density per gram 

Air, 0" and 760 mm. 0.001293 
Weights 8.3 
Glass 2.50 +O. 000335 
Silver 10.49 -0.000031 

TABLE I 
ATOMIC WEIGHT OF ARSEN~C 

Ag = 107.880 AsBrs:3Ag Br = 79.916 
Fraction AsBrs in Ag in Ag added or Corr. wt. of Ratio At. 

Analy- of AsBr, vacuum, vacuum, subtracted Ag in AsBra: wt. of 
SIS g. g. in s o h . ,  g. vac., g. 3Ag arsenic 

Series 1 

1 8 10.00486 10.28800 +0 .00287 1.0.29087 0.972207 74 .'897 
2 9 9.64625 9.91934 + .00142 9.92076 .972330 74.937 
3 7 13.92585 14.32125 + ,00155 14.32280 ,972285 74.922 

Average .972272 74.919 
Series 2 

1 10 5.73208 5.89407 -0.01 120 5.88287 (0.974368) (75.596) 
2 48 6.63538 6.82552 - ,00062 6.82490 .972231 74.905 
3 11 8.10704 8.33965 -.00111 8.33856 ,972235 74.906 
4 46 8.02860 8.25943 -.00168 8.25775 ,972250 74.911 
5 23 5.04824 5.19142 +.00112 5.19255 .972208 74.897 
6 37 7.27190 7.47838 + ,00171 7.48011 ,972165 74.883 
7 38 7.70301 7.92164 +.00145 7.92309 ,972223 74.902 
8 24 7.55491 7.76979 3- .00077 7.77056 .972248 74.910 
9 29 6.49903 6.68397 + ,00062 6.68459 ,972241 74.908 

10 ' 30 6.14542 6.31998 3- ,00152 6.32150 ,972146 74.877 
11 31 6.74221 6.93428 + ,00062 6.93490 ,972214 74.899 
12 32 6.80346 6.99675 +.00170 6.99845 .972138 74.875 
13 33 5.84643 6.01332 + .00030 6.01362 ,972195 74.893 
14 27 8.16037 8.39234 + .00142 8.39376 ,972195 74.893 
15 28 7.54923 7.76450 + .00038 7.76488 ,972228 74.904 

Average, omitting Analysis 1 ,972208 74.897 
Average. omitting Analyses 1, 10, 12 ,972219 74.901 

Although the three specimens of tribromide used in Series 1 were con- 
secutive light fractions, falling as they do in the latter part of the frac- 
tionation they may be considered to represent fairly the purest portion of 
the first preparation. This material was never as satisfactory as the second 
and in view of the small number of analyses and the somewhat less satis- 
factory concordance of results, the average of the series is chiefly valuable 
as a confirmation of the result of the second series. 

(10) Richards, Twrs JOURNAL, 22, 144 (1900). 
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The analyses of the fractions of the second sample of tribromide, with the 
exception of the first, which seems to have been affected by some gross 
error, show no systematic variation. In some of the earlier analyses of this 
series it became evident that the interior wall of the flask in which the bulbs 
of tribromide were broken had been slightly scratched by the glass frag- 
ments, but since the analyses in which the scratched flask was used (2-9) 
were on the whole slightly higher than those carried out with a new Rask 
(10-151, no appreciable error can be ascribed to this source. In  Analyses 
2 4  the samples used were collected immediately after the distillation from 
copper, but the results do not differ by a significant amount from those 
obtained with later fractions. 

If the results are arranged in the order of decreasing volatility of ma- 
terial there is no apparent trend. 

Fraction 

10 
11 
23 
24 
27 
28 
29 
30 

Atomic weight 

(75.596) 
74.906 
74.897 
74.910 
74.893 
74.904 
74.908 
74.877 

Fraction 

31 
32 
33 
37 
38 
46 
48 

Atomic weight 

74.899 
74.875 
74.893 
74.883 
74.902 
74.911 
74.905 

The average value of all the results excluding that of Fraction 10, 
74.897, differs by only 0.004 unit from the average obtained by excluding 
those of Fractions 30 and 32, 74.901. The apparent atomic weight of 
arsenic by this method therefore seems to be not far from 74.90. 

The Analysis of Arsenic Trichloride 
Antedating the investigation upon arsenic tribromide described above, 

a preliminary series of experiments with arsenic trichloride had been 
completed. In fact it was the unexpected outcome of these earlier experi- 
ments which led to the later work. In this earlier workl1 arsenic tri- 
chloride was fractionally distilled in vacuum and various fractions were 
analyzed by comparison with silver. 

The original material was synthesized by heating metallic arsenic in a hard glass 
tube in a current of chlorine drawn from a cylinder of liquid material. Although pre- 
sumably dry a t  the outset, the chlorine was passed over concentrated sulfuric acid and 
phosphorus pentoxide. After standing for some time over metallic arsenic the product 
was twenty-five times distilled in exhausted glass apparatus without the use of frac- 
tionating columns. In every distillation both more and less volatile fractions were 
removed. 

After the sixteenth distillation the apparatus was accidentally opened t o  the air. 
The material was thereupon poured into a new distilling bulb connected with a special 
valve and, after this had been exhausted and flushed by boiling, the distillation was con- 
tinued. 

(11) Begun by M. J. Dorcas and completed by E. W. Scripture. 
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I n  additlon four (26-29) distillations with fractionating columns were carried out 
a t  the end, all of the residual material being finally collected in eight small bulbs. 

The residue from the second distillation, Fraction 84, after hydrolysis was found by 
spectroscopic analysis to contain a trace of antimony but none could be detected in the 
residue from the third distillation (Fraction 82). The more volatile fraction from the 
first distillation (Fraction 1) was found t o  be apparently free from phosphorus. Resid- 
ual impurities to  be feared were therefore hydrogen chloride and oxychlorides or higher 
chlorides of arsenic. Since the first is more and the last two are less volatile than the 
trichloride, more or less rapid removal by fractionation is to  be expected. An outline 
of the fractionation is given in Fig. 4. 

9 special valve 

Q Hemp1 column 

Fig. 4. 

The analysis of the trichloride fractions was carried out as in the descriptioti of the 
analysis of the tribromide (page 1056) except that  in the first eight analyses the glass of 
the bulbs was collected on filter paper which was then carefully charred and burned in a 
weighed platinum crucible, while in the last six i t  was collected on a platinum-sponge 
crucible. Later, in the work with arsenic tribromide which has already been described, 
it  was found that i t  is difficult if not impossible to  wash a filter entirely free from the 
arsenite solution so that the weights of arsenic trichloride in the first eight analyses are 
slightly too small and the resulting atomic weight of arsenic slightly too low. Even 
when the glass is collected on a platinum sponge crucible and ultimately washed with 
1 yo nitric acid, as in the last six analyses, a slight excess in weight of the glass of 0.04 
mg. was found as an average in blank experiments with empty glass bulbs A negative 
correction of this magnitude has therefore been applied to  the weight of the glass in each 
analytical experiment. The following table contains the results of these analyses. 

The second specimen of arsenic trichloride was prepared and fractionally distilled 
in vacuum by much the sarne rnethod as that described for the tribromide '2 Crystalline 
conirnercial arsenic was first freed from 111oisture and arsenic trioxide by heating it  to 
350' in a n  exhausted hard glass tuhe Then the greater part of the arsenic was placed 

( 1 2 )  Carried out b y  W .  E .  Shaefer. 
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Ag in 
vacuum, 

g .  

TABLE 11 

AsCla: 3Ag 
Ag added in 

solution, 
g. 

Series 3 

0.00605 
.00510 
,00640 
.00010 

- .00020 
- "00200 
- ,02698 
- .00210 

Series 4 
7.02526 0.00035 
9.66859 . 00000 
8.59458 ,00025 
8.33241 . 00000 
5.60332 . 00000 

C1 = 35.457 
Corr. wt. Ratio 
of Ag in AsCls: 

vacuum, g. 3 Ag 

9.97651 0 560084 
13.83860 ,560107 
16.33229 .560078 
12.13395 .660109 
10.84673 .560120 
9.05925 ,560103 

11.31630 .560075 
12.33683 .560107 

Average .560098 

7.02561 0.560168 
9.66859 .560186 
8.59483 .560179 
8.33241 .560176 
5.60332 .560164 

Average .560175 

At. wt. 
of 

arsenic 

in a hard glass tube connected a t  one end with a supply of pure dry chlorine. The other 
end of the hard glass tube delivered into a glass bulb containing the remainder of the 
arsenic. The chlorine was prepared from manganese dioxide and concentrated hydro- 
chloric acid and after being thoroughly scrubbed with water was dried with concen- 
trated sulfuric acid and phosphorus pentoxide. All the apparatus was constructed of 
glass with fused or ground joints. During the passage of the chlorine the arsenic was 
heated hot enough to ensure complete reaction of the chlorine. About 900 g. of tri- 
chloride was prepared. 

After the trichloride had been allowed to stand in contact with the arsenic in the 
bulb for several days until it was colorless, it was poured into a distilling bulb attached to 
a special valve. The bulb was next placed in a bath of hot water and exhausted with an 
efficient water pump. This caused the trichloride to boil vigorously and displace the 
greater part of the air and the hydrogen chloride formed by hydrolysis during contact 
with the air in the transference. The bulb was then permanently sealed by fusing 
a capillary in the lead to the pump. 

Since it was possible that the unexpectedly low atomic weight of arsenic which had 
so far been obtained by analysis of the trihalides might be due to residual chlorine or 
higher chloride, especial effort was now made to make certain that these impurities, 
if present, were eliminated. This was done by repeated distillation over arsenic a t  in- 
creasingly higher temperatures. First the trichloride was many times distilled from 
one bulb to another, both of which contained crystals of arsenic which had been heated 
in a vacuum, through Hempel columns also filled with arsenic crystals instead of glass 
beads. 

Fractional distillation was then undertaken in apparatus similar to that shown in 
Fig. 1. During a distillation the still was heated in a water-bath to 50-60 " and the re- 
ceiving bulb was cooled with ice water. Under these conditions very efficient refluxing 
without choking occurred in the Hempel columns. The sample bulbs were usually 
cooled with carbon dioxide snow and alcohol, but sometimes merely with ice and salt. 
After thirteen fractional distillations had been carried out, the remaining material (80 



cc.) was set aside for subsequent examination. The course of this fractionation is 
shown on the left-hand side of Fig. 5. 

Fig. 5 

Since the analysis of the fractions obtained in this preparation (Table 111, Series 5 )  
still indicated a low value for the atomic weight of arsenic, the experiment was tried of 
passing the vapor of the trichloride through a tube filled with arsenic heated to  a rela- 
tively high temperature. A new lot of trichloride was prepared exactly as before and 
after being boiled under low pressure t o  remove dissolved gases was distilled into an ex- 
hausted system consisting of two bulbs connected through a hard glass tube which ter- 
minated in ground glass joints and filled with alsenic which had been previously heated 
in  vacuum. The ground joints fitted well but were not lubricated. Instead the joints 
were made vacuum tight by an outside layer of de Khotinsky cement. The trichloride 
was then five times distilled back and forth from one bulb to  the other while the arsenic 
was heated to the temperature of sublimation. After transfer by distillation to  a new 
exhausted system, fractionation of the product was carried on until twelve distillations 
had  been made. The course of this fractionation is shown on the right-hand side of 
Fig. 5. The material remaining after the twelfth distillation (100 cc.) was then com- 
bined with the remainder from the previous preparation and the fractionation of the 
mixture continued as indicated in the lower part of Flg. 5. This treatment also failed 
t o  alter the composition of the trichloride (Table 111, Series 6 ) .  
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Three groups of analyses of these arsenic trichloride fractions were made, covering 
the first and second preparations as well as the mixture of the two. In the first group 
not only were light and heavy fractions compared, but also the effect of oxidizing the 
arsenite before precipitation of silver chloride was investigated, although there is no 
reason to expect reduction of silver salts. The oxidation was accomplished in two ex- 
periments by adding hydrogen peroxide in essentially the theoretical quantities to  oxi- 
dize the arsenite; in two experiments potassium bichromate was used for the purpose 
The oxidizing solution was added to the acidified solution of the arsenite through a funnel 
tube extending to the bottom of the solution. Although the bichromate was chloride 
free, the hydrogen peroxide contained a trace of chloride which was estimated quantita- 
tively by means of a nephelometer and a corresponding correction applied. 

The glass fragments were collected on a platinum sponge crucible as described on 
page 1056, and after the initial weighing were again twice washed with 5 normal nitric 
acid. The first washing usually produced a slight loss in weight, amounting on an aver- 
age in eighteen exper~ments to 0.10 mg. The second washing was almost without effect, 
for the average of the very small change was 0.01 mg. 

The precipitation of the silver chloride was carried out much as described on page 
1057, but even greater pains were taken to prevent occlusion by the silver chloride by 
slow addition of the silver nitrate solution. That the silver chloride was really pure was 
shown by examining the arc spectrum of carefully washed material from two analyses in 
a F6ry quartz spectrograph. No trace of arsenic could be detected. 

In the last six analyses, as soon as the exact end-point had been found the silver 
chloride was deiermined gravimetrically. To do this, first an excess of about one gram 
of silver nitrate was added to the flask containing the analysis and after the solution had 

TABLE 111 

ATOMIC WEIGHT OF ARSENIC 

Ag = 107.880 A~Clr:3Ag C1 = 35.457 
Fraction AsCla in Ag in Ag added or Corr. wt. Ratio 

Analy- of Oxidizing vacuum, vacuum, subtracted of Ag in AsCla: 
s ~ s  AsC13 agent g. g. in soln., g. vacuum, g. 3Ag 

Series 5 

1 80 None used 4.19732 7.49207 +0.00150 7.49357 0.560123 
2 81 Hz02 4.98056 8.89089 + ,00065 8.89154 ,560146 
3 14 None used 4.73909 8.45956 + .00190 8.46146 .560079 
4 15 H202 4.15568 7.41843 + ,00166 7.42009 .560058 
5 79 KzCr20~ 5.15747 9.20840 - ,00070 9.20770 .560126 
6 16 KzCr207 5.29708 9.45821 - .00020 9.45801 .560063 

Average ,580099 

Series 6 

4.94345 8.82603 -0.00010 8.82593 0.560105 
4.82524 8.61471 + .00020 8.61491 ,560103 
3.84375 6.86270 - .00030 6.86240 .560117 
4.28593 7.65215 - .00040 7.66175 .560124 
4.62010 8.24886 - ,00080 8.24806 .560144 
4.01638 7.17093 - .00020 7.17073 .560108 

Average .560117 

Series 7 
5.10281 9.11017 -0.00050 9.10967 0.560153 
5.06855 9.04884 - .00020 9.04864 ,560145 
5.29138 9.44726 - .00070 9.44656 .560138 
5.67514 10.13242 - .00060 10.13182 ,560130 
5.14259 9.18160 - .00050 9.18110 .560128 
5.82250 10.39523 - .00050 10.39473 .560140 

Average ,560139 
Average of Series 5, 6 and 7 .560118 

Average of Series 6 and 7 ,560128 

At. wt. 
of 

arsenic 



Fraction AsCla in AgCl in Loss in wt. Dissolved Corr. wt. of Ratio At. wt. 
A n ~ l y -  of vacuum, vacuum, on fusion, AgC1, AgCl in AsCIa: of 

sts AsCla g. g. g. g. vac., g. 3 AgCl arsenic 
Series 8 

19 50 5.10281 12.10317 0.00047 0.00069 12.10339 0 421602 74.922 
20 52 5.06865 12.02154 ,00031 .00090 1202213 ,421802 74.922 
21 55 5.29138 12.56012 .00024 ,00083 12.55061 ,421603 74.923 
22 56a 5.67514 13.46109 .00042 .00073 13.46140 ,421686 74.916 
23 56b 514259 12.19805 ,00031 ,00074 12.19848 .421576 74.911 
24 66c 582250 13.81091 .00024 .00077 1381144 ,421571 7 4 9 0 9  

Average ,421590 74.917 

been vigorously shaken, it was cooled in an ice-bath. The precipitate was then washed 
thoroughly by decantation with an ice-cold 0.0003 normal solution of silver nitrate, and 
was transferred to a weighed platinum-sponge Gooch crucible by means of ice cold 
water. After being dried a t  300' for twenty hours the precipitate was weighed. The 
bulk of the precipitate was next transferred to  a porcelain crucible and the moisture lost 
by fusion determined. 

The precipitating flask was rinsed with dilute ammonia and the rinsings were added 
to  the water used in the transfer of the silver chloride. By nephelometric comparison 
with standard chloride solutions the chloride content of this solution was found, and 
applied as a positive correction to the weight of silver chloride. The solubility of silver 
chloride in the chilled silver nitrate washings was assumed to be 0.02 mg. per liter. Since 
no opalescence whatever could be produced in the original supernatant solution by fur- 
ther addition of silver nitrate the solubility of the silver chloride in this solution was 
neglected. In Table I11 a vacuum correction of +0.000071 per gram has been applied 
to the observed weights of silver chloride. This is based on the density 5.56. 

In  Table V the results of Series 5 are grouped according to volatility of 
the fractions 

TABLE V 
Light fraction Oxidizing agent Atomic wt. arsenic 

14 None 74.893 
15 H z 0 2  74.886 
16 K,Cr20~ 74.888 

Average 74.889 
Heavy fraction 

78 KzC~ZOT 74.908 
80 None 74.907 
81 H z 0 2  74.915 

Average 74.910 

Apparently the use of an oxidizing agent is without influence. The light 
fractions however yield a somewhat lower value than the heavy fractions, 
and this difference might lead to the conclusion that the purification of the 
trichloride was not complete a t  the stage when these fractions were re- 
moved. A similar comparison of the results of Series 6 which represent 
fractions removed a t  a similar stage in the purification of the second lot of 
trichloride, shows no indication of any difference between light and heavy 
fractions, nor between these and fractions obtained in a still later stage in 
the fractionation (Table TIT, Series 7). 



TABLE VI 
Light fraction Atomic weight Heavy fraction Atomic weight 

35 74.901 64 74.905 
36 74.901 65 74 908 
38 74.914 67 74.902 

Average 74.905 Average 74.905 

On the other hand, the gravimetric determination of the silver chloride 
leads to a slightly higher value for the atomic weight of arsenic, which 
indicates that less silver chloride was obtained than corresponds to  the 
quantity of silver used in the c~mparison. The last two are compared in 
the following table. 

TABLE VII 
Analyses Fraction Ratio Ag:AgCl 

13 and 19 50 0.752654 
14 and 20 52 ,752665 
15 and 21 55 ,752677 
16 and 22 56a .752657 
17 and 23 56b .752643 
18 and 24 56c .752617 

Average .752652 

Theoretical (Ag = 107.880; Cl = 35.457) 0.752627 

The deficiency of silver chloride amounts to 0.003% or 0.4 mg. in the 
quantities obtained in the above experiments. 

The following table summarizes our work on arsenic trihalides by com- 
parison with silver and silver chloride. 

TABLE VIII 
Series 1 AsBra :3Ag 74.919 
Series 2 AsBr3 :3Ag 74.897 
Series 3 AsC13 :3Ag 74.899 
Series 4 AsC18 :3Ag 74.924 
Series 5 AsC13 :3Ag 74.900 
Series 6 AsC& :3Ag 74.905 
Series 7 BsCl3:3Ag 74.912 
Series 8 AsCls:3AgCl 74.917 

Average 74.909 

Average weighted according to nc~n~ber of analyses 74.906 

Although the third decimal place in the averages must beyond question 
be very uncertain, the evidence presented above points to a value not far 
from 74.91, 0.02 unit lower than the present International value. 

While the reason for the discrepancy between Krepelka's and our results 
is not apparent, representing as they do work of a very similar character, 
certainly there is little question that the old value for arsenic, 74.96, 
adopted in the national and international tables until 1931 is too high. 
The bearing of Aston's results on this problem is not particularly decisive. 
'l'he present accuracy claimed for the mass spectrograph is 1 /10,000 and the 
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uncertainty of the conversion factor is fully as large. Therefore it is 
doubtful whether the atomic weight of arsenic could a t  present be deter- 
mined with the mass spectrograph within 0.01 unit aside from the possi- 
bility that arsenic may contain small amounts of undiscovered isotopes. 

Summary 
1. The preparation of pure arsenic trichloride and tribromide is de- 

scribed. 
2. By analysis of the trihalides the atomic weight of arsenic is found 

to be 74.91. 
CAMBRIDGE, MASSACHUSETTS RECEIVED OCTOBER 31, 1932 
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Reactions of Ethylene Oxide. I. The Action of Ethylene 
Oxide on Diethylamine 

Introduction 
Previous to the recent paper of Horne and Shrinerl the literature con- 

tained no satisfactory directions for the.preparation of diethylamino- 
ethanols from ethylene oxide and diethylamine. Simultaneously with 
Horne and Shriner, the present authors, using a different method of 
preparation, obtained products whose physical properties do not agree 
with those obtained by the above workers. The authors do not agree with 
Horne and Shriner's statement that ethylene oxide does not react with 
their solvent, methyl alcohol, an appreciable reaction being easily ob- 
tained a t  55'. By successive additions of ethylene oxide to diethylamine 
and the resulting products the following compounds were prepared and 
will be referred to hereafter by the Roman numeral assigned to each. 

I (C~HE,)~NCHZCH~OH I1 (CzH5)zNCHzCH20CHzCHzOH 
I11 (CzHs)zN(CH2CII29)2CHzCHzOH IV (C~H~)~N(CH~CH~O)~CHZCH~OK 
V (C~H~)~N(CHYCHPO)~CH~CH~OH VI (CzH5)2N(CHzCHzO)t.CHzCHzOH 
VII (C~H~.)ZN(CH~CHZO)~CH~CH~OH 

Experimental 
Preparation of Diethylaminoethano1.-38.3 grams of diethylamine (b. p. 55-57') 

and 23.5 g. of ethylene oxide were caused to react in a copper autoclave of 500-ml. 
capacity a t  100". The reaction was complete within one hour; 49.6 g. of (I) was 
obtained, a yield of 81%. The reaction could be completed in two to ten minutes in the 
presence of small quantities of water, but this greatly increased the difficulties of sepa- 
rating the products. The reaction was also carried out in the presence of ether and alco- 
hol as solvents but with a decrease in the rate of the reaction. Diethylaminoethanol 

(1) Horne and Shriner, THIS JOURNAL, 54, 2925 (1932). 
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and ethylene oxide were autoclaved yielding (11) (11) was then autoclaved with 
ethylene oxide to produce (111). This process was continued until sufficient quantities 
of each compou~ld were obtained for purification. On careful fractional vacuum dis- 
tillation, colorless products werc obtained for compounds I-VII. 

Preparation of the p-Nitrobenzoate of (II).--4.2 grams of (11) in benzene was added 
to 4 6 g. of fi-nitrobenzoyl chloride. The crystals (m. p. 128.5") obtained were soluble 
in water, alcohol, chloroform, and only slightly soluble in acetone. 

Anal. Calcd for (C~H~)~NHCI(C~H~O)~COCBHPNOZ: C1, 10.2; mol. wt. 347. 
Found: C1, 10.06; mol. wt., 344. 

In Table I are collected the pertinent data relating to the compounds prepared. 
The data of Horne and Shriner are aiso presented here in order to form a basis of com- 
parison. 

TABLE I 
PROPERTIES OF THE ETHANOL AMINES 

I I1 111 IV v V I  V I I  

B. p.. O C .  160" 135 163-165 185-188 182-184 254-259 205-209 
Mm. 741 46 30 53 9 36 4 
B. p., "C., H & s . ~  163 92-95 123-128 164-172 190-200 
Mm. 760 7 7 7 7 
n? 1.4389 1.4464 1.4501 1.4529 1.4566 1.4592 1.4620 
H. & s . ~  1.4400 1.4457 1.4534 1.4570 1.4622 
AT'$ Calcd. 34.94 45.82 56.70 67.58 78.46 89.63 100.51 

Found 34.94 45.61 56.61 67.85 78.70 89.25 99 95 
Found, H. & s . ~  35.81 45.65 56.80 66.31 74.92 

2 5 
d ~ h s .  0.8800 0.9421 0.9753 0.9905 1.0128 1.0325 1.0474 

H. & S.' 0.8575 0.9371 0.9734 1.0206 1.048 
25 

?In b ~ .  0.0405 0.0856 0.1284 0.1596 
r 26.5" 27.50 30.05 31.26 32.05 33.47 34.65 35.51 
Mol. wt. Calcd. 117 161 205 249 293 337 381 

Found 116 171 223 245 281 321 36 7 

N2, yo, Calcd. 11.95 8.69 6.83 5.62 4.77 4.15 3.67 
Found 11.88 8.40 6.51 5.74 4.82 3.96 3.80 

a The following boiling points were obtained for (I): 55" (10 mm.) ; 100" (80 mm.) ; 
96" (73 mm.). ' (H. & S.) Data of Horne and Shriner.1 For comparison their specific 
gravities were converted to absolute densities. 

All thermometers were checked against certified thermometers and were corrected 
for emergent stem. The refractive indices were determined with an Abbe refractometer ; 
the density with an 8-cc. pycnometer; the viscosity with an Ostwald viscometer; the 
surface tension by the Du Noiiy method (corrected by the formula of Harkins and 
Jordan) ;2 the molecular weights by the freezing point method using benzene as a sol- 
vent; the nitrogen content by the Kjeldahl method, and by titration with sulfuric acid. 

Discussion of Results 

In Fig. 1 are pIotted curves showing the change in density and refractive 
index with increase in molecular weight. The continuous addition of 
ethylene oxide to the arninoethanols suggests the possibility of preparing 

(2) Harkins and Jordan. THIS JOURNAL, 62, 1751 (1930). 



a series of ethoxyethanols of indeterminate length. No indication of a 
decrease in activity of the hydroxyl group with increasing length of the 
chain was noted. Thus the number of additions seems to be limited only 
by the stability of the chain. This offers a possible explanation of the so- 
called polymers3 of ethylene oxide described in the recent literature. The 
continuous addition of ethylene oxide to a very limited number of hydroxyl 
groups might produce a compound whose empirical formula would be 
very near that of ethylene oxide. In fact when the authors autoclaved 1.5 
g. of diethylaminoethanol with 28 g. of ethylene oxide, no uncombined 

0.851 . I I I I I I 
117 161 205 249 293 337 381 

Molecular weight. 

Fig. 1.-Physical properties of the amines: curve I, density; curve 2, 
refractive index. 

ethylene oxide was detected. The resulting product was a very highly 
viscous liquid. The proportions of the reactants used would indicate that 
as an average the molecules of this product contain approximately fifty 
--CH2CH20- groups, provided the ethylene oxide continued to add on to 
each newly formed hydroxyl group. This phase of the work is now being 
investigated. 

The authors wish to acknowledge their indebtedness to the Carbide and 
Carbon Chemicals Corporation, Charleston, West Virginia, for the supply 
of ethylene oxide used in this investigation. 

Summary 
1. Methods for the preparation of diethylaminoethanol giving yields 

of 8047% are described. Some physical properties of this compound have 
been determined. 

(3) StaoAinger and Schweitzer, Bvr., 62, 2395 (1929) 



March, 1933 STEREOCHEMISTRY OF N-PHBNYLPYRROLES. XXIX 1069 

2 .  A series of diethylaminoethox.yethanols have been prepared and 
some of their physical properties determined. 'I'wo members of this series 
have not been reported previously. 

MORGANTOWN. WEST VIRGINIA RECEIVED JUNE 27, 1932 
PUBLISHED M A R C H  7, 1933 

[CONTRIBUTION FROM THE CHEMICAL ~.ABORATORY OF THE UNIVERSITY OF ILLINOIS] 

Stereochemistry of N-Phenylpyrroles. XXTX.l Preparation 
and Properties of o-N-Carbazyl- and o-N-(3-Nitrocarbazylj- 

benzoic acid 

A discussion of the optical isomerism of substituted phenylpyrroles and 
dipyrryls3 has been given in previous papers and representative compounds 
of both classes have been prepared and resolved (111 and IV). The experi- 
mental evidence all pointed to the conclusion that the isomerism is essen- 
tially of the same type and due to essentially the same causes as are found 
in substituted diphenyls. 

The present investigation has involved the extension of this work to 
certain substituted N-phenylcarbazoles. In o-N-carbazylbenzoic acid 
(I) there is a symmetrical substitution of the pyrrole ring and, therefore, 
the compound should be resolvable only if the nitrogen atom retains a 
more or less fixed tetrahedral structure. No resolution was accomplished. 
On the other hand, if a substituting group is introduced into the carbazole 
nucleus, unsymmetrical substitution of the pyrrole is present and substitu- 

tion conditions resembling those necessary for resolution in the diphenyl 
series obtain. The o-(3-nitrocarbazyl)-benzoic acid (11) was resolved into 
enantiomorphic forms. The fact that the introduction of a substituting 
group so far removed from the carbazole nitrogen atom is all that is neces- 
sary to render the molecule capable of being resolved, is a potent argument 
against the probability that optical activity is due to the nitrogen atom. 

(1) For the last paper, XXVIII, see Kteiderer and Adams, THIS JOURNAL, 55, 716 (1933). 
(2) The experimental work was done by W. I. Patterson and is part of his thesis for the Degree 

of Doctor of Philosophy at the University of Illinois. 
(3) Bock and Adams, THIS JOURNAI. 53, 374, 3519 (1931), Chang and Adams, ;bid, 53, 2353 

(1931) 



The active forms of o-(3-nitrocarbazy1)-benzoic acid are racemized 
very slowly a t  room temperature in chloroform, but readily by warming 
in chloroform, alcohol, or sodium hydroxide solution (see Table I). Race- 
mization takes place much more easily than in the active forms of N- 
2-carboxypheny1)-2,5-dimethyl-3-carb~xyp~rrole (III), indicating that 
the methyls have a greater interfering effect than the CH of the benzene 
nucleus in compounds of this type. 

Experimental 
The carbazylbenzoic acids were prepared by condensation of o-iodo- 

benzoic acid with carbazole or 3-nitrocarbazole in boiling nitrobenzene 
with solid potassium hydroxide. 

o-Carbazylbenzoic Acid and its Salts.-This compound was prepared in 66% yields 
by  the method of Eckert, Seidel and E r ~ d l e r ; ~  m. p. when pure 184". The brucine salt 
was formed in ethyl acetate. On long standing, large colorless rhombohedra sepa- 
rated, m. p. 214-215". No resolution was observed after many trials. In one experi- 
ment an ethyl acetate solution of the brucine salt was evaporated slowly a t  room tem- 
perature and six separate fractions of salt taken. The rotation of the mother liquor was 
determined after each removal and an allowance was made for each change in concen- 
tration. The rotation of the solution remained practically constant. An alcoholic 
solution a t  0' with concentrated hydrochloric acid gave, on addition of water, colorless 
white needles of the inactive acid. 

The strychnine, morphine, quinine and dicinchonine salts were also prepared, but 
in  no instance could two different sa1t.s be obtained. The method of preparation of the 
salts and the constants for them are given in Table 11. 

o-(3-Nitrocarbazy1)-benzoic Acid and its Resolution.-The compound was pre- 
pared by the condensation of o-iodobenzoic acid with 3-nitrocarbazole5 by the method of 
HayashL6 The yields were poor, 10-35%. The product was purified by repeated re- 
crystallization from hot glacial acetic acid followed by one crystallization from alcohol 
after treatment with norite. Lemon yellow needles were obtained, m. p. 226-227" 
(corr.) (Hayashi 230 ") . 

A hot solutio~i of 2.2 g. of o-(3-nitrocarbazy1)-benzoic acid in 20 cc. of anhydrous 
ethyl acetate was added to a hot solution of 2.6 g. of anhydrous brucine in 60 cc. of an- 
hydrous ethyl acetate. After standing for twenty-four hours a t  room temperature, a 
crystalline precipitate weighing 2.5 g. resulted. This fraction was purified by dissolving 
in chloroform and adding an excess of absolute alcohol. After twenty-four hours a t  
room temperature the product had separated as large lemon colored crystals, tn. p. 
246-247 O. 

Rotation. 1.2574 g made up to 25 cc with chloroform a t  20' gave or,, - 1.05'; 1 = 
2 ;  [a]: -10.44' 

Anal. Calcd. for C42H3nOsN4: N, 7.71; C, 69.39; H, 5.27. Found: N, 7.78; 
C, 69.29; H, 5.33. 

The filtrate from the 2.5 g. fraction was allowed to evaporate to half its volume and a 
small amount of crystalline material which separated was filtered and consisted primarily 
of the less soluble salt. The inore soluble salt remained as a resin after all the solvent had 
been evaporated from the filtrate. All attempts t o  crystallize the salt failed. The ro- 

(4) Eckert, Seidel and Endler, J. praht. Chem., 104, 85 (1922) .  
( 5 )  Ruff and Stein, Ber., 34, 1677 (1901). 
(6) Hayashi, Bull. Inst. 1'hys.-Chem. Res. (Tokyo) ,  9 ,  970 (1930). 





tation of the crude material varied from [a]'$ 4-21.7 to f46.7'. It decomposed a t  
160-180 ". 

Rotation. 0.3104 g. made up to  25 cc. with chloroform a t  20' gave or, +0.90°; 
1 = 2;  [a]? +21.7". 

d- and 2-o-(3-nitrocarbazy1)-benzoic Acid.-The active acids were liberated from the 
individual salts by shaking with ether and 6 N hydrochloric acid in a separatory funnel 
until complete solution of the solid matter occurred. Regardless of the rate of evapora- 
tion of the ether solution, either moist or dry, a n  oil, sometimes containing a small 
amount of crystalline material, was always obtained when the evaporation was carried 
out a t  room temperature.? Alcohol and chloroform gave slmilar results. After long 
standing in a desiccator the oil gradually changed to a glassy solid which, on powdering, 
melted a t  225-226O, and gave a negative test for brucine with concentrated nitric acid. 
The rotation of the acid thus obtained from different samples of the less soluble salt 
varied from [a]: -56O to [a]? -62'. 

Rotation. 1-Acid, 0.2924 g. made up to  25 cc. with chloroform a t  20" gave a, 
-1.45"; 1 = 2; [a]'$ -62". 

Anal .  Calcd. for C I I ~ H I ~ O ~ N ~ :  N, 8.44. Found: N, 8.36. 
The d-acid obtained similarly from the crude more soluble salt was also an  oil 

which gradually solidified. A rotation was taken on the crude acid melting a t  224-225'. 
Different samples of the salt produced acids with widely variable rotations, but the 
rotation was always positive. 

Rotation. d-Acid, 0.2497 g. made up to 16.1 cc. with chloroform a t  20' gave a,, 
+1.26"; I = 2; [rul2$ +40.57'. 

Racemization Experiments.-Data on racrmization tests on the active acid are 
given in Table 11. 

Summary 

1. o-N-Carbazylbenzoic acid and 0-N-(3-nitrocarbazy1)-benzoic acid 
were prepared by condensing carbazole or 3-nitrocarbazole with o-iodo- 
benzoic acid. 

2. o-N-(3-Nitrocarbazy1)-benzoic acid was resolved into enantiomorphs 
but o-N-carbazylbenzoic acid could not be resolved. 

3. With a fixed asymmetric structure for nitrogen both compounds 
should be resolvable. It appears that the fundamental conditions found 
necessary for resolution of diphenyl compounds hold in this series. 

URBANA, ILLINOIS RECEIVED JULY 19, 1932 
PUBLISHED MARCH 7,1933 

(7) After the alcoholic solution of the  oil had been boiled for a few minutes, dilution with water 
until a permanent clouding occurred, followed by cooling, gave a crystalline acid which melted a t  226- 
227O. This  crystalline acid always possessed optical activity, provided tha t  the  heating was not con 
tinued too long. 
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[CONTRIBUTION PROM THE CHEMICAL LABORATORY OB HARVARD UNIVERSITY ] 

The Reaction between Unsaturated Ketones and Organic 
Magnesium Compounds. The Secondary Products 

It is common knowledge that in the reaction between a,P-unsaturated 
ketones and Grignard reagents i t  is necessary to use a large excess of reagent 
in order to prevent the formation of secondary products, but of the nature 
of these products little is known. 1r1 the first paper of this series1 one of 
these secondary products was isolated and analyzed, namely, the com- 
pound that is formed by adding phenylrnagnesium bromide to benzal 
acetophenone. The composition and molecular weight of this compound 
were established correctly, but the formula that was proposed for i t  has 
long since been untenable because i t  was based on an erroneous interpreta- 
tion of the primary reaction. 

With the recent discovery that the primary products of this reaction 
behave like the enolates of P-ketonic esters and 8-diketones12 the secondary 
products acquired a new interest. I t  seemed not unlikely that these 
products are folmed in a second reaction which differs from the first only 
in the character of the magnesium derivative. In the case of benzal 
acetophenone and phenylmagnesium bromide the successive steps would 
be represented as follows 

CsHbCH=CHCOCeH5 + CsHsMgBr -+ (CsH~)2CHCH=C(C~H5)0MgBr 
I 

We have found that this surmise is correct. By taking advantage of the 
reaction between alpha bromo ketones and Grignard reagents2 it is possible 
to secure a solution of the magnesium derivative represented by I that is 
free from the Grignard reagent. When an equivalent quantity of benzal 
acetophenone was added to such a solution i t  was converted, almost 
quantitatively, into the diketone represented by 111. The proof of the 
structure of this diketone is as follows. 

The substance reacts with two moles of methylmagnesium iodide without 
liberating gas; i t  therefore is a diketone. It readily forms a mono-oxime 
but, as would be expected in view of the number of substituents around the 
carbonyl groups, it cannot be converted into a di-oxime by the usual 
methods. By means of a Reckmann rearrangement, followed by hydroly- 
sis of the product, the oxime was degraded to the corresponding acid and 
aniline. 

(1) Kohler, Am. Chcm. J.,  29, 352 (1903). 
(2) Kohler and Tishler, THIS JOURNAL, 64, 1594 (1932). 



The result is a 6-ketonic acid. Our plan was to brominate this acid 
and prove that the product was a y-bromo acid by converting it into a 
lactone. The plan went awry because the bromination took an unexpected 
course. Fortunately, however, the result is equally conclusive. 

VI VII 

VIII I X  

This unexpected course of the bromination, of which another example 
had become known very much earlier,3 enabled us to relate the diketone 
directly to a substance of known structure. 

In the light of these results it is evident that the primary addition prod- 
ucts can combine with unsaturated ketones in the same manner as Grignard 
reagents and sodium enolates. They can also combine with substances 
which have active carbonyl groups. Thus when benzaldehyde was added 
to a solution containing the same primary addition product, it  precipitated 
the magnesium derivative of the corresponding ketol, and a similar product 
was obtained from ethyl formate. 

CsH6CHOH (C6H5)2CHCH=C(OMgBr)CsH5 (CeH5)zCHCHCOCsH5 
I f- 

(C~H~)~CHCHCOCP,H~ 
I 

HCOH 
I 

Since these primary products can combine both with alpha,beta-un- 
saturated ketones and with carbonyl compounds i t  is apparent that in the 
case of those unsaturated ketones and esters which form both 1,4 and 1,2 
addition products, the secondary reactions may become very complicated. 
These complications, however, occur but seldom because the primary 
addition products are far less reactive than Grignard reagents. Thus the 

(3) Kohler and Reimer, Am. Chem J.,  33, 333 (1905). 



March, 1933 UNSATURATED KETONES AND ORGANOMAGNESIUM COMPOUNDS 1075 

magnesium derivative which so readily combined with benzal acetophe- 
none, showed little ability to react with methyl cinnamate and none a t  all 
to combine with acetone, cyclohexanone or methyl benzoate. 

Complications of an entirely different kind, however, frequently arise 
when one equivalent of an unsaturated ketone is added to a Grignard 
reagent in the usual manner. Owing to the difference in the speeds of the 
primary and secondary reactions, the latter usually does not become sig- 
nificant until approximately half a mole of the ketone has been added. 
At that stage the solution contains three magnesium derivatives such as, 
for example 

CsH5MgBr(CsH5)zCHCH=CC6H~ CeH5FHCH==C(OMgBr)CGH5 
I 
OMgBr ( C ~ H ~ ) ~ C H & H C O C ~ N ~  

The first two derivatives compete for any additional unsaturated ketone 
that is added but they are incapable of reacting with each other under any 
conditions. The third magnesium derivative, however, reacts with the 
Grignard reagent like any other saturated ketone. By the time all of the 
unsaturated ketone has been added, the solution contains primary, secon- 
dary and tertiary magnesium compounds that on hydrolysis yield a mixture 
which frequently cannot be separated and which at best gives a greatly 
diminished quantity of the primary product. 

These complications can almost invariably be prevented by using a 
sufficient excess of Grignard reagent. Frequently they do not occur a t  all 
because the primary addition product is too sluggish to compete success- 
fully with the Grignard reagent for the saturated ketone. The activity of 
these magnesium derivatives appears to depend largely on space relations, 
the addition products which are formed from ketones with a hydrocarbon 
residue in the alpha position being almost completely inert. Thus by 
allowing phenylmagnesium bromide to react either with benzal desoxy- 
benzoin or with alpha bromo triphenylpropiophenone i t  is possible to make 
a magnesium derivative which differs from the one we have described only 
in that i t  has a phenyl group in the alpha position. 
C6H,CH=CCOCsH5 (CsH5)2CHC=C(C~H6)OMgBr (C6Ha)2CHCBrCOCsH& 

I ----f I t- 1 
C6Hs CsHs CsHa 

XI11 

This new magnesium derivative is almost completely inactive. It can- 
not be carbonated, will not combine either with benzaldehyde or benzal 
acetophenone, and does not react with ethyl formate; it reacts only with 
acids, bromine, oxygen and acid chlorides. And the mechanism of the 
reaction with acid chlorides may be different from that of the simpler 
magnesium derivatives. Grignard reagents, as is well known, convert acid 
chlorides first into ketones and finally into the magnesium derivatives of 
tertiary alcohols. The magnesium derivatives which are obtained by 
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adding Grignard reagents to alpha, beta-unsaturated ketones which have 
no substituent in the alpha position convert the same acid chlorides into 
the magnesium derivatives of diketones. The magnesium derivative under 
consideration likewise reacts with these same acid chlorides, but the 
products are esters. 

(C6H5),CHC(COCsHs), (CsHs)zCHC=C(CsH5)OMgBr (C~HS)?CHC==CC~H~ 
I t- I -+- 
CGHS CsHs 

I I 
CeH6 OCOCsHs 

xv  XIV XVI 

We suspected this difference in the direction of the reaction a t  the outset, 
because the melting points of the products obtained from acetyl and ben- 
zoyl chloride appeared to be too low for such a completely substituted di- 
ketone as is represented by XV. We were confirmed in this suspicion 
when we found that in the case of benzoyl chloride we obtained two iso- 
meric products, both of which were rapidly hydrolyzed by methyl alcoholic 
solutions of potassium hydroxide too dilute to cleave beta diketones. 
But in order to prove the structure of these products conclusively it was 
necessary to compare products formed by introducing two different acyl 
groups in a different sequence. We therefore prepared the corresponding 
p-bromo compounds in a series of steps which is represented as follows 

C6H6CHnCOC1 + CaHsCHzCOCsHaBr -+ CeHsCHClCH(CsH5)COCsHaBr -+ 
XVII XVIII 

CsH5CH=C(CsHs)COCeH4Br -+ (C6H5)2CHC(CeH5)=C(C6H4Br)OMgnr 
XIX XX 

With this material in hand it was possible to settle the matter con- 
clusively by means of the reactions which are represented by the following 
equations 

C6Hh 
XXIIT 

We found that the products of these reactions are different, the olle being 
hydrolyzed to bromobenzoic acid and the bromine-free ketone, and the 
other to benzoic acid and the bromo ketone. The substances are, there- 
fore, esters. 
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Experimental 
I. Addition of the Magnesium Derivative of OB,-Diphenyl Propiophe- 

none to Unsaturated Ketones 
Preliminary experiments showed that in an atmosphere of nitrogen it is possible to 

convert a mole of a-homo-@,@-diphenyl propiophenone completely into the magnesium 
derivative represented by (I) by means of a solution of phenylmagnesium bromide pre- 
pared from 1.1 atoms of magnesium. These proportions were therefore used in the fol 
lowing experiments. 

Addition to Benzal Acetophenone, /3-PhenyI-y-benzoyl-l-?.-benzhydry1 Butyrophe- 
none. 111.-Fourteen and six-tenths grains of the hrome compound was added to a 
solution of phenylmagnesium bromide prepared from 1.06 g. of magnesium. Although 
sparingly soluble in ether, the bromo compound dissolved rapidly in the reagent. The 
solution was boiled for an hour, then treated with 8.33 g. of the unsaturated ketone. 
I t  immediately developed a deep orange color and it soon began to deposit a crystalline 
yellow magnesium derivative (11). It was stirred at  the ordinary temperature for forty- 
five minutes and then filtered. The filtrate and half of the solid were treated separately 
with iced acid in the usual manner, and the rest of the solid with ammonia and ammo- 
nium chloride. All three portions gave the same product-a compound which separated 
from acetone and alcohol in small prismatic crystals and which melted tit 180 O. 

Anal. Calcd. for CseHsoOp: M, 492; C, 87.5; H, 6.1. Found: M, 468; C, 87.7; 
H, 6.3. 

The Mono-oxime, IV.-To a solution of 10 g. of the diketone in 1000 cc. of boiling 
alcohol were added 8.5 g. of hydroxylamine hydrochloride and 18 g. of potassium hy- 
droxide. The solution was boiIed for three hours, then distilled to small volume and 
diluted with water. The product was recrystallized from alcohol. 

Anal. Calcd. for Cs6Hl10zN: C, 84.9; H, 6.1. Found: C, 85.4; H, 6.3. 
The oxime is readily soluble in ether, moderately soluble in boiling alcohol. I t  

separates from alcohol in stout needles or long prisms and it melts a t  165O. In  order to 
confirm its relation to the diketone, an alcoholic solution containing a small quantity of 
the oxime and a little concentrated hydrochloric acid was digested on a steam-bath and 
then diluted with water. The diketone was the only product. 

Beckmann Rearrangement of the Oxime, p-PhenyIr-benzoyl-7-benzhydryl- 
butyric Anilide. V.-To a solution of 5.5 g. of the oxime in 300 cc. of absolute ether 5.5 
g. of phosphorus pentachloride was added in small portions. The mixture was boiled 
for twenty minutes, then concentrated to 150 cc., and gradually poured into ice water. 
The resulting gummy precipitate became granular when the ether was evaporated and 
the residue was digested on a steam-bath. The solid was recrystallized from alcohol. 

Anal. Calcd. for CaaHslOzN: C, 84.9; H, 6.1. Found: C, 85.0; H, 6.4. 
The anilide is sparingly soluble in ether, moderately soluble in boiling alcohol. 

I t  crystallizes in thin needles and it melts at  198". The yield was excellent. 
Hydrolysis of the Anilide, p-Phenyl-y-benzoyl-7-benzhydryl-butyric Acid. V1.- 

The anilide is hydrolyzed with difficulty. An attempt to hydrolyze i t  by prolonged 
boiling with alcoholic potassium hydroxide failed completely, all of the anilide being re- 
covered. I t  can be hydrolyzed by protracted heating to 180° with concd. hydrochloric 
acid, but owing to cleavage and other reactions, the yield is small-about 3575. It was 
finally hydrolyzed more successfuIIy by heating it for eight hours to 180° with a solution 
of concd. hydrochloric acid in glacial acetic acid. The yield of acid was 60T0. I t  crys- 
tallized from ether and petroleum ether in long slender needles and melted a t  156 ". 

Aml .  Calcd. for Cs&&aOa: C, 83.0; H, 6.1. Found: C, 83.0; H, 6.3. 
Bromination of the Acid, p-Phenyl-7-bromo-7-benzoyl-butyric Acid, V1I.--Bromine 
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was added, little by little, to  a solution of the  acid in chloroform until the color persisted. 
The solution was allowed to evaporate spontaneously; it  gradually deposited a crystal- 
line bromo acid and left an oily residue. The oil was removed with ether and petroleum 
ether, and distilled with steam. The distillate contained a precipitate which, after 
crystallization from ether, melted a t  66 and which was identified as diphenylcarbinol 
by comparison with a sample on hand. One of the bromination products, therefore, 
was diphenylmethyl bromide. 

The bromo acid was recrystallized from chloroform and petroleum ether. It sepa- 
rated i n  small prisms and it melted a t  166 O.  

Anal. Calcd. for C17Hl6O3Br: C, 58.8; H,  4.4; Br, 22.7. Found: C, 58.5; H, 
4.5; Br, 22.4. 

p-Phenyl-7-benzoyl-butyro Lactone, VIE-The lactone gradually separates as a 
crystalline precipitate when a clear solution of the bromo acid in the minimum quantity 
of dilute sodium carbonate is left to  itself; but  it  is more easily obtained by warming a 
moist ethereal solution of the hydroxy acid with a little hydrogen chloride. It was 
purified by  crystallization from ether and petroleum ether from which it  separates in 
small cubes melting a t  120 '. 

Anal. Calcd. for C17H1403: C, 76.7; H,  5.3. Found: C, 76.7; H, 5.4. 
p-Phenyl-y-hydroxy-r-benzoyl-butyric Acid, CC,H~~OCHOHCH(CBH~)CH~COOH, 

1X.--The hydroxy acid is very readily obtained by dissolving either the lactone or the 
bromo acid in excess of base and acidifying the solution. I t  was recrystallized from 
ether and petroleum ether from which it  separated in colorless needles melting a t  146 O. 

Anal. Calcd. for C17Hle04: C, 71.8; H, 5.6. Found: C, 71.6; H, 5.7. 

Bromination of the Diketone.-Bromine was added in small quantities to a solution 
of 0.5 g. of the diketone in 20 cc. of chloroform until the color persisted. The solution 
was warmed for an hour, then concentrated and diluted with ether. As was to  be ex- 
pected, the  product was a mixture of mono and dibromo compounds, but by repeated 
recrystallization from methyl alcohol it  was possible to  isolate a monobromo compound 
which melted a t  132' and which was identified as a,-y-diben~oyl-j3-phenyl-~-bromo- 
propane, by  comparison with a sample on hand. The yield was about 33%. 

Action of Benzoyl Chloride on the Secondary Magnesium Derivative.-Although 
this magnesium derivative (11) does not combine either with more unsaturated ketone 
or  with benzaldehyde, it still reacts with benzoyl chloride. An ethereal solution of 
14.6 g. of a-bromo-j3,P-diphenyl propiophenone was added to a solution of phenylmag- 
nesium bromide prepared from 1.06 g. of magnesium. After this solution had been 
boiled for twenty minutes, i t  was treated with 8.33 g. of benzal acetophenone and boiled 
for four hours during which the usual yellow magnesium derivative was deposited. 
Finally 7 g. of benzoyl chloride was added and the mixture was boiled again until the 
yellow magnesium derivative was completely replaced by a colorless crystalline pre- 
cipitate. The excess of benzoyl chloride was removed with sodium carbonate and 
the organic product purified by recrystallization from benzene. It separated in  silky 
needles and melted a t  180'. The yield was 17.5 g. 

Anal. Calcd. for C43H3403: C, 86.4; H, 5.7. Found: C, 86.5; H, 6.0. 
The composition shows that  the reaction introduces an additional benzoyl group. 

I n  all probability the substance is a triketone formed in accordance with the equation 
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Thus it was not hydrolyzed even when it was boiled with a solution of potassium 
hydroxide in methyl alcohol which rapidly hydrolyzed all the benzoates encountered in 
this work in the cold. I t  therefore is not a benzoate but thus far its structure has not 
been established with certainty. 

Addition to Benzalacetone, a-Benzhydryl-0-phenyl-Y-acetyl Butyrophenone, CHa- 
COCH2CH(CfiH5)CH[CH(C6H5)2]COCBHi.-The reaction was carried out in the same 
manner as with benzal acetophenonc and the substances were used in the same propor- 
tions. The product was an oily mixture from which it was difficult to separate a definite 
compound, and the amount of solid ultimately isolated was small. The solid crystal- 
lized from ether-petroleum ether in transparent prisms and melted a t  153'. 

Anai. Caicd. for C31fI2832: C, 86.1; H, 8.5. Found: C, 85.9; H, 9 7 .  

11. Reaction of the Magnesium Derivative of Diphenyl Propiophenone 
with Aldehydes and Esters 

As indicated in the introduction, the magnesium derivative reacts with 
aldehydes but not with ketones; with ethyl formate but not with more 
complex esters. The structure of the products of these reactions was 
established with comparative ease. The product from benzaldehyde 
reacted with two moles of methylmagnesium iodide and liberated one mole 
of methane, showing that i t  contained both an hydroxyl and a carbonyl 
group. In all probability, therefore, it had been formed by the addition of 
the magnesium derivative to the carbonyl group of the aldehyde-a fact 
which was definitely established by oxidizing the substance to benzhydryl 
dibenzoyl methane 

(C8Hs)2CHCH(COCsH5)CHOHC6Hs -+ (C~H~)ZCHCH(COC~H~)~  

The composition of the product from ethyl formate showed that  i t  had 
been formed from two molecules of the magnesium derivative and one of 
the ester. It was a priori probable, therefore, that the reaction had fol- 
lowed the same course as with benzaldehyde, the ester being in effect and 
the intermediate in reality an aldehyde 

(CfiH5)iCHCHCOCsH5 
(CfiHs)2CHCHCOCfiHs 

HCOOCzH5 -+ I 
CHOH 

CHO 1 
(CfiH5)2CHCHCOC6Hj 

By cautious treatment with chromic acid i t  was possible to oxidize the 
product to a triketone, which alkalies cleaved quantitatively t o  carbonate 
and two molecules of diphenyl propiophenone 
(CfiHs)zCHCHCOCsHs (CfiH~)2CH~HCOCfiHs 

I 
I 
CHOH ---+ 60 - 2(CfiH5)zCHCH2COCfiH5 + K2COI 

(C~H~)~CH&HCOC~~HS (C~~HI)~CHAHCOC~~HI 

Addition to Benzaldehyde. a-Phenyl-0-benzoyl-y,y-diphenyl Propanol. XI.-A 
solution of 4 g. of benzaldehyde in an equal volume of ether was added gradually to a 
solution of the magnesium derivative which had been prepared in the usual manner from 
14.6 g. of the bromo compound. The mixture was boiled for four hours during which it 
gradually turned to a thick paste. By decomposition with iced acid and the usual 



manipulations this paste was converted into a solid. The solid was purified by crys- 
tallization from acetone and methyl alcohol. I t  separated in needles and it melted a t  
133'. The yield was 77%. 

Anal. Calcd. for C ~ E H ~ ~ O ~ :  C ,  85.7; H, 6.1. Found: C, 85.5; H, 6.2. 
Oxidation.-A solution of 0.75 g. of chromic acid in the minimum quantity of water 

was added gradually to a warm solution of one gram of the alcohol in 35 cc. of glacial 
acetic acid. The solution was warmed on a steam-bath until the color changed to green, 
then allowed to cool. I t  deposited 0.68 g. of fine needles which melted at  225O, and 
were identified as benzhydryl dibenzoyl methane by comparison with a sample on hand. 

Reaction with Ethyl Formate, a,r-Dibenzoyl-a,y-dibenzhydryl-p-hydroxy Propane. 
XI1.-One and one-half grams of ethyl forrnate was added to a solution of the magnesium 
derivative which had been prepared from 14.6 g. of the bromo compound. A white 
precipitate formed immediately but the mixture was boiled for forty-five minutes before 
i t  was decomposed with ice and acid in the usual manner. The product was recrystal- 
lized from benzene from which it separated in thin needles which melted a t  202". The 
yield was quantitative. 

Anal. Calcd. for ClsHsaOa: C, 86.0; H, 6.0. Found: C, 85.9; H, 6.0. 
Oxidation, a,y-Dibenzoyl-a,r-dibenzhydryl Acetone.-A solution of 0.12 g. of 

chromic acid in acetic acid was added to a solution of one gram of the hydroxyl compound 
in 150 cc. of hot glacial acetic acid. The color changed immediately and when the solu- 
tion was diluted with a little water and cooled it deposited 0.75 g. of the triketone. The 
substance was purified by recrystallization from glacial acetic acid from which it sepa- 
rated in needles melting at  232 O. 

Anal. Calcd. for CuHtrOs: C, 86.0; H, 5.7. Found: C, 86.0; H, 5.7. 
Cleavage of the Triketone.-A solution of 0.4 g. of the oxidation product in 10% 

alcoholic potassium hydroxide was boiled for nine hours, then diluted with water and 
extracted with ether. The ethereal extract, on evaporation, left pure B.6-diphenyl 
propiophenone. 

111. Experiments with the Magnesium Derivative of m,p,p-Triphenyl 
Propiophenone 

The magnesium derivative was prepared in ethereal solution by the action of phenyl- 
magnesium bromide on the alpha bromo derivative of the ketone or on benzal desoxy- 
benzoin. Attempts to add it to benzal acetophenone, benzaldehyde and formic ester 
were unsuccessful. In each case, after prolonged boiling, hydrolysis resulted only in the 
bromine-free ketone. 

Reaction with Benzoyl Chloride, a,p,y,y-Tetraphenylpropenyl Benzoate, XV1.-An 
ethereal solution of 8.8 g. of the bromo compound was added to a solution of phenyl- 
magnesium bromide prepared from 0.52 g. of magnesium. The mixture was boiled for 
forty-five minutes, then treated with 3.0 g. of benzoyl chloride, boiled for another hour 
and hydrolyzed with iced acid. The product was crystallized from ether and methyl 
alcohol. It separated in cubical crystals and i t  melted a t  llOO. I t  is very readily 
soluble in ether, sparingly soluble in methyl alcohol. The yield was 7.2 g. 

Anal. Calcd. for C~~H:GOS: M, 466; C, 87.5; H, 5.5. Found: M, 447; C, 87.5; 
H, 5.5. 

In a subsequent experiment 9.5 g. of benzal desoxybenzoin was added to a solution 
of phenylmagnesium bromide prepared from 0.8 g. of magnesium. The mixture was 
boiled for twenty-five minutes, then treated with 5.7 g .  of benzoyl chloride and boiled for 
two hours. In this case the usual manipulation resulted in a mixture composed of the 
benzoate melting at  110' and a stereoisomeric benzoate melting at  131 ". The substance 



March, 1933 IJNSK~URATBD KETONES AND ORGANO&IAGNBSIUM COMPOUNDS 1081 

was purified by recrystallization from methyl alcohol, in which it is sparingly soluble and 
from which it separated in needles. The isomers were formed in approximately equal 
amounts, the yield of the higher melting compound being 7.5 g. 

Anal. Calcd. for CuHzsO,: C, 87.5 ; H, 6.5. Found: C, 87.6; H, 5.8. 
Hydrolysis of the Benzoates.--Half a gram of each ben~oate was dissolved in the 

minimum quantity of boiling absolute methyl alcohol. To each solution enough methyl 
alcoholic potassium hydroxide was added to make the concentration of the base 0.2%. 
The solutions were then set aside without further heating. Triphenyl propiophenone 
began to crystallize as the solutions became cool. In a few hours both solutions were 
allowed to evaporate to complete dryness in a current of air. From the residue, water 
extracted sodium benzoate, and left pure ketone. The yield was quantitative. 

pBromodesoxybenzoin. XVI1.-To a solution of 77 g. of phenyl acetyl chloride in 
150 cc. of bromobenzene was added, in small portions and with constant stirfing, 65 
g. of powdered aluminum chloride. The mixture was stirred for a day a t  the ordinary 
temperature, then left to itself for twenty-four hours before it was decomposed with ice 
and concentrated hydrochloric acid. Distillation with steam removed the excess of 
bromobenzene and left an orange colored paste which showed no tendency to solidify 
and which therefore was distilled under diminished pressure. The lirst fraction, boiling 
at  160-200" (12 mm.), solidified on cooling. Recrystallization of the solid from methyl 
alcohol gave 58 g. of a product which crystallized in needles and melted at 115'. 

Anal. Calcd. for C14HnOBr: C, 61.1 ; H, 4.0. Found: C, 61.2; H, 4.1. 
a,p-Diphenyl-6-chloro p-Bromopropiophenone. XVII1.-A solution of 30 g. of fi- 

bromodesoxybenzoin in 60 g. of benzaldehyde was saturated with dry hydrogen chloride, 
then kept a t  0' for ten hours in a slow current of the gas. The resulting solid was col- 
lected on a filter, washed with ether and petroleum ether and recrystallized from alcohol. 
I t  separated in needles which melted a t  171 O. 

Anal. Calcd. for C Z I H ~ ~ O C ~ B ~ :  C, 63.1; H, 4.0. Found: C, 63.1; H, 4.2. 
Benzal p-Bromodesoxybenzoin, XIX.-A solution of 30 g. of the chloro compound 

in 500 cc. of methyl alcohol containing one equivalent of potassium acetate and slightly 
less than one equivalent of sodium carbonate was boiled for four hours. Most of the 
solvent was then removed by distillation. The residue, on cautious dilution with water, 
deposited a crystalline solid which crystallized from ether in large prisms, and which 
melted at  105'. 

Anal. Calcd. for CzlHlsOBr: C, 69.4; H, 4.1. Found: C. 69.5; H, 4.3. 
a-(pBromopheny1)-6-benzhydryl-6-phenyl-ethel Benzoate. XXII1.-An ethe- 

real solution of benzal p-bromo desoxybenzoin was added to a solution of phenylmag- 
nesium bromide prepared from 1.2 g. of magnesium. The mixture was boiled for 
twenty minutes, then treated with 7.5 g. of benzoyl chloride and boiled for two hours 
more. The usual decomposition with iced acid gave an oil which contained benzoyl 
chloride. An ethereal solution of the oil was freed from benzoyl chloride by shaking 
with sodium carbonate, then dried, concentrated and diluted with petroleum ether. 
I t  deposited a solid which crystallized in small lustrous prisms and melted a t  144'. 

Anal. Calcd. for C33H2502Br: C, 74.8; H, 4.6. Found: C. 74.7; H. 4.8. 
Hydrolysis, a,B,B-Triphenyl-p-bromo Propiophenone (CsH5)2CHCH(Cd%)COCr 

H4Br.-The hydrolysis was carried out in exactly the same manner as that of the 
bromine-free benzoates. The crude product melted at  200' and the melting point was 
not changed by recrystallization from acetone and methyl alcohol from which the bromo 
ketone crystallized in large lustrous needles. The aqueous extract of the residue, that 
was left after the evaporation of the mother liquors, contained only sodium benzoate. 

Anal. Calcd. for C2,HZ,OBr: C ,  73 5; H, 4.8. li'ound: C, 73.4; H, 4.9. 



or$-Diphenyl-6-benzhydryl-ethenyl p-Bromobenzoate. XXI1.-To a solution of 
phenylmagnesium bromide from 0.8 g. of magnesium was added 8.4 g. of finely powdered 
benzal desoxybenzoin. The mixture was boiled for twenty minutes, then treated with 
7.5 g. of freshly distilled p-bromobenzoyl chloride and boiled again for two hours. The 
usual manipulations gave a product which was sparingly soluble in ether and in alcohol, 
which crystallized in prisms, and which melted a t  183O. 

Anal. Calcd. for C~~HnsozBr: C, 74.8; H, 4.6. Found: C, 74.7; H, 4.7. 
Hydrolysis.-The ester on hydrolysis with dilute methyl alcoholic potassium 

hydroxide gave but two products: triphenyl propiophenone and p-bromobenzoic acid. 

Summary 

1. The magnesium derivatives which are formed by the addition of 
Grignard reagents to those a,@-unsaturated ketones which have no sub- 
stituents in the alpha position behave like the enolates of 8-ketonic esters; 
like these enolates they combine with unsaturated ketones and with other 
substances that have sufficiently active carbonyl groups. The reaction 
with acid chlorides results in the formation of C-acyl derivatives. 

2 .  The magnesium derivatives which are formed by adding Grignard 
reagents to a,8-unsaturated ketones which have hydrocarbon residues in 
the alpha position, combine neither with unsaturated ketones nor with 
aldehydes; they therefore do not form secondary products. The reaction 
between these magnesium derivatives and acid chlorides results in the 
formation of 0-acyl derivatives. 

CONVERSE MEMORIAL LABORATORY RECEIVED JULY 26, 1932 
CAMBRIDGE, MASSACHUSETTS PUBLISHED MARCH 7, 1933 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF NORTHWESTERN UNIVERSITY] 

Furan Reactions. IV. Furoic Acid from Furfural 

In the Cannizzaro reaction with furfural, mineral acids cannot be used to 
neutralize the excess of alkaliwithout resinifying the furfuryl alcohol which 
is formed. Hence, it is customary2 to extract the latter with ether before 
acidification. In the method proposed, the excess of alkali is neutralized 
with furoic acid and the furfuryl alcohol separated directly, thus making 
the method suitable for large scale use. Also, the excess of alkali may be 
omitted altogether with yields only slightly lower. 

The- direct oxidation of furfural to furoic acid by means of potassium 
dichromate and sulfuric acid has also been studied and a satisfactory 
method developed. The manganous salt of furoic acid was synthesized. 
I t  was found to crystallize with three molecules of water. 

(1) Holders of Quaker Oats Fellowships, administered through the Miner Laboratories, Chicago. 
( 2 ,  Wilson, "Organic Syntheses," John Wiley and Sons, New York, 1926, Vol. VI, p. 44. 
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Experimental Part 
The Cannizzaro Reaction.-Following the direction of "Organic Synthese~,"~ 1 kg. 

(10.4 moles) of redistilled furfural and 820 g. ol 33% sodium hydroxide solution (6.9 
moles of sodium hydroxide) were used to bring about the Cannizzaro reaction. To 
remove the excess 1.7 moles of alkali at  the conclusion of the reaction, 1.8 moles (200 g.) 
of furoic acid3 was added directly to the mixture and the mass stirred well The mix- 
ture was cooled to 0" and pressed as dry as possible on a suction filter. The solid was 
transferred to a beaker, triturated therein with a 200-250 cc. portion of cold water, cooled 
to -5" and again sucked dry. The trituration of the solid with water was repeated. 

The combined filtrates were distilled at  25 mm. nearly to dryness using a heating 
bath, the temperatnrc of which wss kept below 145' Water was removed from this 
distillate by vacuum distillation from a special Claisen flask equipped with a water- 
cooled head.4 When the water had been distilled away, the residur of furfuryl alcohol 
was thrice shaken with saturated sodium bisulfite solution to remove any furfural pres- 
ent. The furfuryl alcohol was fractionated under reduced pressure (83 O a t  24 mm.); 
yield, 367-390 g., or 72-76%. The refractive index, n2;, was 1.4869. 

All the solid residues were dissolved in warm water and filtered from a small amount 
of dark, insoluble material. The filtrate was acidified with concd. hydrochloric acid, 
cooled to 0' and filtered. The solid was washed twice with a little ice water and then 
dried. Yields of 420-440 g (73-76%) of white furoic acid were obtained in excess of 
the 200 g. which wzs also recovered. The ash content of the furoic acid in this stage 
of purity was 1.5y0, weighed as the sulfate. 

If a slight deficiency of alkali was used at  the outset (5.0 moles of sodium hydroxide 
for each 10.4 moles of furfural), good results were obtained also. In this case the re- 
action mixture was filtered and worked up directly without adding any furoic acid. 
Otherwise an identical procedure was followed. The yields of furfuryl alcohol were 
about the same as the above, whereas the yields of furoic acid were about 5Y0 less.6 

Manganous Furoate Trihydrate, (C4H30-COO)zMn3.H20.-Twenty-eight grams 
(0.25 mole) of furoic acid was dissolved in a minimum quantity of hot water (about 
125 cc.) and then 15 g. (0.13 mole) of solid manganous carbonate was added slowly. 
The mixture was stirred and heated until the evolution of carbon dioxide had ceased. 
The slight excess of manganous carbonate was filtered off and the filtrate was concen- 
trated to a thick sirup which possessed a light brown color. When cool, crystallization 
was induced by scratching. The dark pink crystals weighed 23.6 g.; yield, 68.1%. 

The product was dissolved in a small portion of hot water. Slow evaporation a t  
about 50" with seeding gave large crystals. The sample used for determination of 
water of crystallization was dried in a desiccator over calcium chloride. Then the water 
was driven off a t  105'. In  the analysis for manganese, the sample was dried for three 
hours at  105' to constant weight. 

Anal. Subs., 1.9712; HsO. 0.3173. Calcd. for (C~HaO-COO)eMn~3HzO: 
H20, 16.33. Found: Hz0, 16.20. Subs., 0 6535: MnsOa, 0.1790. Calcd. for (C4HsO--- 
C00)2Mn: Mn, 19 81. Found: Mn, 19.73. 

Manganous furoate was found to be very soluble in hot and cold water, soluble in 
ordinary ethyl alcohol, insoluble in absolute alcohol, carbon tetrachloride and acetone. 
The anhydrous salt begins to decompose at  about 290'. 

(3) I t  was found that ammonium sulfate could also be used satisfactorily in this neutralization. 
(4) This was of the Clarke and Rahrs type [Ind. Eng. Chem., 15, 349 (1923)l but any efficient 

column would be satisfactory. 
(5) From experiments with Mr. W. A. Whittier. Dr. F. N. Peters, Jr., of the Quaker Oats Co. 

Chemical Laboratory has found this method suitable for runs nine times the size of the one described. 
He recommended a combination of salting-out (by sodium chloride) and distillation rather than dis- 
tillation alone to remove the furfuryl alcohol from its aqueous solution. 



Oxidation of Furfura1.-After several experiments with temperature and time and 
dilution as the variables, the following conditions seemcd to give the best yields in this 
oxidation. 

In a round-bottomed liter flask which was equipped with a mechanical stirrer, 
dropping funnel and reflux condenser, were placed 100 g .  of furfural, 100 g of potassium 
dichromate and 10 g. of water. The flask was then heated to 100 O on a steam-bath and, 
dropwise, there was added a mixture of 200 g. of sulfuric acid and 100 g. of water during 
thirty to forty-five minutes. The heat of reaction was such that the steam-bath was 
removed after a short time. When complete, the reaction mixture was cooled and 
nearly neutralized with sodium hydroxide. Then it was completely neutralized with 
sodium carbonate. The chromium hydroxide which was filtered off weighed 56 g .  
after drying. The filtrate was made acid with sulfuric acid and the dark brown precipi- 
tate of furoic acid was collected upon a filter. The filtrate was concentrated for more 
furoic acid. In all, 105 g. of crude material was formed. I t  was dissolved in the mini- 
mum amount of hot water, filtered from any insoluble matter, and the filtrate cooled. 
Eighty-seven grams (dry) of white furoic acid separated: yield, 75% The crystals 
rnelted at  131.5'. 

Summary 

A method is given for the oxidation of furfural to furoic acid by po- 
tassium dichromate and sulfuric acid. Improved directions are recorded 
for the preparation of furfuryl alcohol and furoic acid from furfural by the 
Cannizzaro reaction. Manganous furoate trihydrate is described. 

EVANSTON, ILLINOIS RECEIVED AUGUST 3, 1932 
PUBLISHED MARCH 7, 1933 

Sucrose and Other Disaccharides. Sir James Irvine's 
"Correction" 

In a recent paper which deals with the properties of 2,3,6-trimethyl- 
glucose and their bearing on the chemistry of the di- andpoly saccharides, 
Irvine and McGlynnl revert to a theme which was initiated and decided by 
one of us, but in their treatment of the subject they again dispense with 
the isolation of crystalline reference substances. They describe 2,3,6- 
trimethyl-7-gluconolactone as a liquid with an initial rotation, [alD 

+ 80.5' or 90.5' (both values being given), observed in a mixture of alcohol 
and water of unspecified composition. As shown in our experimental 
section the pure lactone is a crystalline substance, m. p. 29-30°, with the 
initial rotation [aID +55' in water, alcohol or mixtures of the two solvents. 
We have characterized it as a y-lactone by measuring its rate of muta- 
rotation in water (which Irvine and McGlynn omitted to attempt), by 
preparing from it the crystalline phenylhydrazide of 2,3,6-trimethylgluconic 

(1) Irvine and McGlynn, THIS JOURNAI,, 54, 356 (1932). 



March, 1933 SUCROSE AND OTIIER DISACCFIARIDES 1085 

acid and by converting it by methylation into tetramethyl-y-gluconolac- 
tone (characterized by the crystalline phenylhydrazide). It is prepared 
from 2,3,6-trimethylglucose which undergoes oxidative degradation to d- 
dimethoxysuccinic acid recognized as the crystalline rnethylamide. 

This trimethyl-y-gluconolactone is obtainable by oxidation of 2,3,6- 
trimethylglucose both in the presence of hydrobromic acid and when the 
reaction is carried out in the presence of calcium carbonate. Under the 
latter conditions Irvine and McGIynn claim categorically that the oxidation 
product does not pass through the stage of the calcium salt. On frequent 
occasions we have made use of this procedure to obtain the calcium salt of 
the aldose sugar acids. So far from our criticism2 of his experimental 
methods being, as he asserts, pointless we now publish experimental ob- 
servations which show (a) that when the oxidation is conducted for eight 
hours a t  O0 at least 66% of the product is in the form of the calcium salt, 
(b) that an aqueous solution of the more stable y-lactone of 2,3,6-trimethyl- 
gluconic acid reacts during five hours to the extent of 40% with calcium 
carbonate a t  0°, (c) that the hydrolysis of the y-lactone to acid is greatly 
accelerated by hydrobromic acid. 

The position is therefore that Irvine and McClynn have completely 
misconceived the nature of the y-lactone, and on the basis of a sirupy 
product which bears no relation in properties to the pure substance it is 
claimed to be, they suggest that previous, but unspecified, results have a 
doubtful validity. Moreover, under the experimental conditions adopted 
by these authors, any lactone (y or 6) formed by direct oxidation of the 
sugar must either hydrolyze to a mixture of acid and the two lactones or 
must be converted largely into the calcium salt. In these circumstances 
their experimental results can provide no sanction for any conclusions 
concerning the direct oxidation of 2,3,6-trimethylglucose to either the y- 
or 6-lactone. Results have now been obtained by Isbell and Hudson's 
method-hich suggest that in a buffered solution direct oxidation to the 
8-lactone occurs but, on keeping, this changes in water to the equilibrium 
of y- and 6-lactone and free acid or salt. We are unable to see in what 
manner Irvine and McGlynn's oxidation experiments, coupled with a 
confirmation of earlier work by others on 2,3,6-trimethyl-y-methylglu- 
coside, can be used to substantiate the claim that "much further work and 
the application of new methods are alike necessary before definite constitu- 
tions can be assigned to the disaccharides and polysaccharides which are 
convertible into 2,3,6-trimethylglucose." Further work and new methods 
can only be welcomed but these authors overlook the fact that the actual 
terms they use in referring to five- and six-atom ring forms of 2,3,6-tri- 
methylglucose are based on our original determination of the structure of 
y- and normal sugars. As one of us has pointed out, new methods of 

( 2 )  Hirst. THIS JOURNAL, 54, 2559 (1932). 
(3) lsbell and Hudson, J. Bur. Standards, 8, 327 (1932). 
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attack were developed six years ago and definite constitutions have been 
assigned by these means to maltose, lactose, cellobiose, melibiose, 4-glu- 
cosidomannose and 4-galactosidomannose. In his recent letter4 Sir James 
Irvine admits knowledge of these results but gives no reason for his omission 
to mention them and to state his objection either to the methods or to the 
formulas assigned. 

Heptamethy1sucrose.-In the isolation of tetramethyl-y-fructose as a 
residue from methylated sucrose a partly methylated product was em- 
ployed in which the whole of the hydroxyl groups of the fructose component 
were protected while the hydroxyl groups in the glucose portion were only 
partly methylated. On hydrolysis this led to the separation of a distillate 
consisting essentially of the desired fructose portion of sucrose, and the 
procedure was improved in subsequent  paper^.^ 

In the first paper dealing with the isolation of tetramethyl-y-fructo~e,~ 
the partly methylated sucrose, described as heptamethylsucrose, &as 
considered to be a homogeneous substance but this view was corrected in a 
later paper,7 wherein it was stated that heptamethylsucrose gives rise to 
"a mixture of trimethylglucoses and tetramethyl-y-fructose," since we 
isolated both 2,3,6- and 2,4,6-trimethylglucoses from the glucose residues. 

Sir James Irvine in his criticism8 seems to be unaware of these facts since 
he occupies much space in attacking the earlier view of the homogeneity of 
heptamethylsucrose. His further statement that he was unable to obtain 
by fractional distillation a product which "consists essentially of hepta- 
methylsucrose" can be dismissed briefly. He claims that it is impossible 
to isolate a product containing less than 30% of the octamethylsucrose and 
a compensating quantity of hexamethyl and lower methylated sucroses. 
Over a large and extended series of preparations of this material, and by 
repeated fractional distillation controlled by refractive indices of the frac- 
tions, we have experienced no difficulty in obtaining a product which is 
"essentially heptamethylsucrose" containing less than 2% of the octa- 
methyl derivative. The yield of the desired product is subject to the 
original statement on such methylation processes, namely, that "the 
success of the operation is governed to a remarkable degree by the condi- 
tions of the e~periment."~ A specific warning against the use of octa- 
methylsucrose is given in the paper by Avery, Haworth and Hirst.5 

In the past nine years during which we have revised the constitutional 
formulas of all sugars we have repeatedly stated that no structure is 
acceptable unless it is based on the isolation of well-recognized crystalline 
substances. Despite the dangers involved in the non-observance of this 

(4) Irvine, THIS JOURNAL, 84, 2567 (1932). 
(5) Avery, Haworth and Hirst, J. Chem. Soc., 2308 (1927). 
(6) Haworth, zbid., 117, 206 (1920). 
(7) Ilaworth and Sedgwick, ibid., 2574 (1926). 
(8) Irvine, THIS JOURNAL, 54, 1486 (1932). 
(91 Haworth, J. Chem. So6 , 107, 9 (1915). 
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rule, Sir James Irvine persists in advancing conjectural formulas of sirupy 
products, and in this paper now under review he claims to have recognized 
a 2,3,5-trimethylglucose as a partly rnethylated hydrolysis product of 
lnethylated sucrose, and on this basis seeks to maintain "the disquieting 
possibility that methylation is accompanied to some extent by a change in 
the position of the internal oxygen ring in a sugar." 

In the present case he has neglected to take into account the application 
of partition coefficients, since he claims that tetra- and tri-substituted 
merhylglucoses, each of which is soluiblc in chlorcform, can be extracted by 
this solvent from aqueous solution by methods which allow of a "sharp 
separation" in that all the tri-substituted sugar remains in the water 
while the tetra- is extracted by chloroform. We have long known the 
contrary to be true. But in order to test the special case involved in this 
claim we have prepared 2,3-dimethylmethylglucoside whicli Sir James 
Irvine definitely identified in his product (owing to incomplete fractiona- 
tion of his methylated sucrose), and we have shown that, after eight 
extractions from an 8% aqueous solution, more than 80% is taken up by 
the chloroform. This glucose derivative he has characterized by the 
conversion of its 6-p-toluenesulfonyl derivative into the 6-iodo compound. 
The supposed 2,3,5-trimethylglucose (obtained through the 7-methyl- 
glucoside) he also claims to have recognized by treating a residual mixture 
of 5 g. of a trimethyl-y-methylglucoside-#-toluene sulfonate with sodium 
iodide in acetone, heating the product in acetonitrile solution with silver 
nitrate and weighing the silver iodide formed. By this means he calculates 
that the mixture contained 14% of a 6-p-toluenesulfonyl derivative (equal 
to 0.35 g. of the free sugar from 100 g. methylated sucrose). Inasmuch as 
the trimethylmethylglucosides were extracted by chloroform from water 
they must have contained some 2,3-dimethylmethylglucosides, and it is 
clear that the latter would also give a 6-p-toluenesulfonyl derivative which 
must react with sodium iodide. An amount of 0.35 g. of dimethylmethyl- 
glucoside, forming part of 17 g. of a sirupy mixture of "trimethylmethyl- 
glucosides" would not be revealed by C and H and OMe estimations (no 
analyses are quoted). The evidence therefore for the presence of 2,3,5- 
trimethylglucose (which alternatively he considers as possibly 1,3,4- 
trimethylfructose) is unacceptable. I t  is on this experimental basis that 
Sir James Irvine seeks to establish a claim that "the case now presented 
opens up grave possibilities" of the insecurity of carbohydrate formulas 
which we have established. 

Experimental 
2,3,6-Trimethyl-y-g1uconolactone.-Bromine (10 cc.) was added slowly to  a solu- 

tion of 2,3,6-trimethylglucose, m. p. 121°, (7 g.) in water (30 cc.) maintained at 35" 
After twenty-four hours the excess of bromine was removed by aeration and the solu- 
tion was extracted with chloroform. Removal of the chloroform under diminished 
pressure left a yellow sirup which on distillation gave 2,3,6-trimethyl-y-gluconolactone 



(6.1 g.) as a colorless sirup which rapidly crystallized. Recrystallization from ether- 
light petroleum at  -10' gave needles, m. p. 29-30', b. p. about 130" (0.05 mm.), 
~ ' 2 ~  1.4625 (superfused solid), [a]ID8 +55" in water, c 2.4; +56" in alcohol, c 0.5; +55O 
in aqueous alcohol, c 0.4. 0.3193 g. of substance required 14.7 cc. of N/10 NaOH. 
Calcd. 14.5 cc. (Found: C ,  49.0; H, 7.6; OMe, 41.2. CaHlbO6 requires C, 49.1; H, 
7.3; OMe, 42.3%). 

Under the conditions given by Irvine and McGlynn (eight hours a t  0 ") the oxidation 
is incomplete. The mixture (yield 50%) of sugar and lactone so obtained reduced 
Fehling's solution vigorously and when kept crystallized partially giving 2,3,6-trimethyl- 
7-gluconolactone, m. p. 28", identical with the material described above (yield 25%). 

The rate of mutarotation of the 2,3,6-trimethyl--y-gluconolactone in aqueous solu- 
tion was similar to that of tetramethyl 7-gluconolactone: [a11D8' +55" initial value in 
water, c 2.4; 53 " (12 hrs.); 52 " (24 hrs.) ; 49" (60 hrs.) ; 46" (100 hrs.); 42" (200 hrs.) ; 
40 " (250 hrs.); 37 (500 hrs.); 37.5" (700 hrs.). After 700 hours the rotation fell ex- 
tremely slowly. The rate of mutarotation was greatly accelerated by hydrobromic 
acid: [a]':' +55O, initial value in N aqueous HBr, c 0.5; 54' (3 rnin.); 52" (15 min.) ; 
48" (30 rnin.), 44" (1 hr.j ; 42" (3 hrs.) ; 40" (5 hrs.) ; 34" (48 hrs.). 

The rotation of the acid in water was [ C Y ] ~ : ~  +28" initial value, c 1.4 (calcd. as 
lactone) ; 30" (15 rnin.); 31 " (45 min.); 32" (90 min.); 32.5 " (200 min.; constant 
value, observed for 70 hrs.). The proportions of &lactone, y-lactone and acid a t  equi- 
librium cannot be calculated from these figures, but the proportion of acid must be a t  
least 85% since, as shown below, the 8-lactone has a rotation higher than 55 ". 

The phenylhydrazide of 2,3,6-trimethylgluconic acid was prepared by heating on 
the water-bath a mixture of the lactone with a slight excess of phenylhydrazine After 
ten minutes the mixture solidified. The excess of phenylhydrazine was removed by 
washing with benzene and the product was recrystallized from ethyl acetate, giving 
colorless needles, m. p. 145", yield 90%. (Found: C, 55.0; H, 7.4; N, 8.8; OMe, 28.2. 
C16H2406N2 requires C, 54.9; H, 7.3; N, 8.6; OMe, 28.4%) 

On methylation with methyl iodide and silver oxide 2,3,6-trimethyl-y-gluconolac- 
tone gave 2,3,5,6-tetramethyl-y-gluconolactone recognized as the corresponding crys- 
talline phenylhydrazide, m. p. 136", alone or when mixed with an authentic sample. 

Oxidation of 2,3,6-Trimethylglucose in the presence of Calcium Carbonate.-When 
the oxidation of 2,3,6-trimethylglucose was carried out a t  0 " in the presence of calcium 
carbonate most of the product passed through the stage of the calcium salt (contrast 
Irvine) 2,3,6-Trimethylglucose (1 g.) was oxidized for eight hours a t  0" by bromine 
in the presence of calcium carbonate. The bromine was removed by aeration and the 
excess of calcium carbonate by filtration. Aliquot parts of the filtrate were analyzed 
for halogen and calcium. (Found: total calcium in solution, 0.250 g. Calcium equiva- 
lent to bromide ion in solution 0.186 g.). The excess calcium (0.064 g.) which existed 
as the calcium salt of an organic acid was equivalent to 0.77 g. of 2,3,6-trimethylgluconic 
acid; z. e., 66% of the theoretically possible quantity occurs as the calcium salt. Con- 
trol experiments showed that this method of analysis is not vitiated by errors due to the 
formation of calcium bicarbonate. When 2.5 cc. of 0 135 Nhydrobromic acid was added 
slowly over a period of one hour to a mixture of calcium carbonate and water at  0 " the 
calcium in the filtered solution was found to be exactly equivalent to the added hydro- 
bromic acid. The solution therefore contained no bicarbonate. 

Again, when a solution of 2,3,6-trimethyl-7-gluconolactone (0.150 g.) in water 
(10 cc.) was kept in contact with calcium carbonate a t  0' for five hours the iiltered solu- 
tion contained 0.0054 g. of calcium (determined by precipitation as the oxalate and esti- 
mated volumetrically with permanganate). This is equivalent to the transformation of 
0.059 g. of trimethyl-7-gluconolactone into the calcium salt. The stable y-lactone is 
converted into the calcium salt to the extent of 40% under these mild conditions 



Oxidation by Isbell and Hudson's Method.-When 2,3,6-trimethylglucose was oxi- 
dized in a buffered solution in accordance with Isbell and Hudson's procedure3 the 
following observations were made: [a]%° +60° in a solution (24 cc.) containing sodium 
acetate (3.75 g.), glacial acetic acid (0.25 cc.), trimethylglucose (2.5 g.). Five minutes 
after the addition of bromine (0.75 cc.) the [aID was 4-73'; i O n  (10 min.); 63" (20 
min.); 55' (45 min.) ; 53 (60 min.) ; 49O (90 min.); 43 ' (300 tnin.). After elevert 
minutes a sample of the solution was removed, and the bromine eliminated by shaking 
with olive oil. The solution then had [or]??' +49" (50 min. after commencement of 
oxidation); 48" (90 rnin.); 46" (300 rnin.). At eleven minutes it was found that the 
oxidation was complete to the extent of 50y0. Since the rotation of the y-lactone is 
1-55", the above figures indicate that under these conditions preferential formation of 
the blactone takes place. 

Lactonization of 2,3,6-Trimethylgluconic Acid.-The conditions governing the lac- 
tonization of 2,3,6-trimethylgluconic acid were complex. The pure ?-lactone was ob- 
tained invariably (a) by evaporating to a sirup an aqueous solution of the free acid 
containing a trace of mineral acid, (b) by evaporating a chloroform extract of an aqueous 
solution of the free acid to which some mineral acid had been added a short time previous 
to the extraction. Mixtures containing some 6-laetone in addition to 7-lactone were 
obtainable (a) by evaporating to a sirup of an aqueous solution of the y-lactone which 
had been kept a t  100° for four hours, (h) from a chloroform extract of an aqueous solu- 
tion of the free acid made immediately after liberation of the acid from a salt. Method 
(b) was uncertain in its results and sometimes gave pure y-lactone, particularly when the 
aqueous solution contained mineral acid. A typical experiment (method (a)) gave a 
mixture of lactones which had [a]':' +6l initial value in water. c 0.4; 49" (3 Lus.); 
49" (5 hrs.); 46' (17 hrs.); 41" (100 hrs.). The initial rapid fall in rotation followed 
by a slow fall is characteristic of a mixture of y- and 8-lactones. Since the equilibrium 
rotation is +35O and that of the 7-lactone 4-55', an approximate value for the rotation 
of the IS-lactone can be calculated (+90°). The mixture with [a], +61° would there- 
fore contain about 20y0 of the IS-lactone. 

Oxidation of 2,3,6-Trimethylglucose by Nitric Acid.-Crystalline 2,3,6-trimethyl- 
glucose (5 g.) was heated on the water-bath (95") for seven hours with nitric acid (40 cc., 
d 1.42) The acid was removed by distillation under diminished pressure, water being 
added from time to time. The sirupy product was boiled for six hours with 2% methyl 
alcoholic hydrogen chloride. The acid was removed by addition of silver carbonate and 
after removal of the solvent the esterified oxidation product was distilled giving 2.6 g., 
b. p. about 80" (0.05 mm.), nlJ 1.4355, [a]': +80° in water (G 1.7). This consisted 
almost entirely of methyl d-dimethoxysuccinate, as was proved by its conversion into 
the corresponding amide (yield SO%), m. p. 280" decomp., [a]'; 4-95' in water (c 0.4) 
and methylarnide, m. p. 207-208". A mixed melting point with an authentic sample 
of the methylamide prepared by Haworth and Joneslo showed no depression. [Found 
(methylamide): C, 47.0; H, 7 9; N, 13 7. Calcd. for CsHleOlNz: C. 47.0; H, 7 85; 
N, 13.7%. f The yield of methyl d-dimethoxysuccinate was 80% of the theoretical. 

Extraction of 2,3-Dimethyl-0-methylglucoside from Water by Chloroform.-A 4y0 
aqueous solution of crystalline dimethyl-a-methylgl~coside~~ was shaken with an equal 
volume of chloroform. On evaporation of the dried chloroform solution 470 of the 
original dimethyl-a-methylglucoside was recovered. Three successive extractions 
with an equal volume of chloroform removed lOyo of the material in the aqueous solu- 
tion. When a stronger aqueous solution (8%) was extracted thoroughly with chloro- 

(10) I-Iaworth and Jones, J. Che?n. Soc., 2349 (1927). 
(11) Irvine and Scott, ibid., 105. 582 (1913). 



form 85% of the 2,3-dimethylmethylglucoside was obtained in the chloroform extract. 
The solubility of the glucoside in chloroform is so marked that we have found extraction 
by chloroform of an aqueous solution (&lo% concentration) of the crude material a 
useful method of purification. (These experiments were carried out by Dr. A. C. 
Waine.) 

Summary 
The oxidation of 2,3,6-trimethylglucose under various conditions has 

been studied, with results contrary to the conclusions of Irvine and Mc- 
Glynn. 2,3,6-Trimethyl-y-gluconolactone is a crystalline substance the 
properties of which diverge widely from those ascribed to this lactone by 
the above authors. It is shown that dimethylmethylglucoside is readily 
extracted from aqueous solution by chloroform. The bearing of these 
results on the critical views of Irvine concerning the chemistry of sucrose 
and other disaccharides is discussed. 

EDGBASTON, BIRMINGHAM, ENGLAND RECEIVED AUGUST 8, 1932 
PUBLISHED MARCH 7, 1933 

[CONTRIBUTION FROM THE DEPARTMENT O F  CHEMISTRY, STANFORD UNIVERSITY] 

The Preparation of Some Higher Aliphatic Sulfonic Acids 

The work of Reychlerla and of McBain and his a~soc i a t e s~~  has shown 
that cetyl sulfonic acid has unique properties for the investigation of soap 
solutions, but it has the disadvantage that it is not very soluble in water a t  
temperatures below 50'. Sulfonic acids giving colloidal aqueous solutions 
but having a lower molecular weight should be more satisfactory but none 
appear to have been described between Cs and C16. Accordingly the 
straight chain aliphatic sulfonic acids containing from nine to fourteen 
carbon atoms have been prepared in quantity and in a pure state and we 
wish to report on their preparation at  the present time. The work on the 
physical properties of their solutions will be reported by others a t  a future 
date. 

The general methods available for preparing aliphatic sulfonic acids in 
quantity are few in number and in general unsatisfactory. Attempts to 
prepare esters of sulfonic acids from ethyl chlorosulfonate and alkyl- 
magnesium halides by Mr. Poe Liang in this Laboratory were not success- 
ful, nor did the direct oxidation of the disulfides lead to satisfactory results. 
The method used in the present work has been the nitric acid oxidation of 
the lead mercaptide, a procedure first described by Williarn~.~ In all 
cases the starting material was the corresponding alcohol. 

(1) (a) Reychler, Bull. sac. chim. Belg., 27, 110, 217, 300 (1913); (b) Norris, J. Chem. Soc., 121, 
2161 (1922); McBain and Williams, Colloid SymPasiuns Annual, 7, 105 (1929). 

(2) Williams, Ph.D. Thesis, Stanford University, 1929. See forthcoming article by McBain and 
Williams, THIS JOURNAL (1933). 



Alcohols.-Nonyl alcohol was prepared by the action of ethylene oxide on heptyl- 
magnesium bromide; decyl, lauryl, and undecylenyl alcohols by the reduction of the 
methyl esters of the corresponding acids3 by means of sodium and absolute alcohol;4 
undecyl alcohol by the catalytic reduction of undecylenyl alcohol; tridecyl alcohol by 
the action of formaldehyde on Iaurylmagnesium bromide. The alcohols all boiled ovrx 
less than 3 ranges. 

Bromides.-The alcohols were converted into the bromides by the method of 
Kamm and Marvel6 in 65 to 80% yields and boiled over a 3 range or less. It appears 
that two of the bromides have not been previously described. Their physical proper- 
ties and analyses were as follows: myristyl bromide, b. p 175-178" a t  20 mm.; &: 
0.9322; 8: 1.4582; Br found, 28.5, calcd 28.8. Tndecyl bromide, b. p. i64-167" 
a t  23 mm.; 0.9644; n2i 1.4574; Br found, 29.9, calcd. 30.4. 

Mercaptans.-The method used for the preparation of the mercaptans was an 
adaptation of a procedure for heptyl mercaptan which had been kindly supplied to us 
by Mr. W. W. Hartman of the Eastman Kodak Company. The general method of pre- 
paring mercaptans by the reduction of disulfides with zinc in acid solution was first 
reported by Friedlander.6 

In a 3-liter flask was placed 187 g. of sodium sulfide (Na2S.9H20), 700 cc. of water 
and 32 g. of powdered sulfur and the mixture shaken, with warming on a steam-bath, 
until a clear solution was obtained. This was diluted with 850 cc. of methyl alcohol, 
and the flask fitted with a mechanical stirrer, reflux condenser and 500-cc. dropping 
funnel. The solution was heated to boiling and 1 mole of the alkyl bromide run in 
rapidly. The reaction does not begin a t  once but lags from one to four minutes. Heat- 
ing was stopped during the addition and cautiously resumed a few minutes later. Re- 
fluxing and stirring was continued for one hour, after which time the mixture was 
poured into a beaker containing two or three times its volume of cold water. 

After standing overnight the crude dialkyl disulfide was separated and placed with 
335 cc. of approximately 50% (1 vol. concn.-2 vol. water) sulfuric acid solution in a 
2-liter round-bottomed flask, fitted with a mechanical stirrer and reflux condenser. 
The mixture was heated to boiling, and 87 g. of zinc dust added in small portions, with 
the temperature near the boiling point. Then 50 cc. of concentrated sulfuric acid was 
added in small portions through the condenser, and gentle heating continued for ten 
minutes. If the heating was continued for a longer period, the reaction became very 
violent and foamed over. Stirring was continued for one hour, the mixture diluted 
with an equal volume of cold water and filtered with suction. The mercaptan layer was 
separated from the filtrate and the zinc residue extracted with two 200-cc. portions of 
methyl alcohol. The alcohol was distilled, the main portion of mercaptan added to the 
extracted portion and the whole washed with 150 cc. of hot water, separated and dis- 
tilled a t  reduced pressure, from a modified Claisen flask having a 40-cm. fractionating 
side arm. 

The sulfur content is low, indicating the probable presence of the corresponding 
alcohol since the latter might arise by hydrolysis of the bromide and would be difficult 

(3) Methyl caprate was obtained by the fractionation of the mixed methyl esters from the seed 
fat of the California bay tree, which unpublished work at this Laboratory has shown t o  consist of ap- 
proximately one-third methyl caprate and two-thirds methyl laurate. 

(4) One change in the procedure of Ford and Marvel, "Organic Syntheses," 1930, Vol. X, p. 62, 
for the reduction of esters was made which largely eliminated the formation of emulsions during wash- 
ing, and foaming during distillation. The crude product was washed once or twice with hot water, 
which can be done without the formation of emulsions, the water layer separated and the oil placed in 
a large open beaker. If an emulsion formed during the washing, it  was broken by the addition of salt. 
The oil was then heated in the beaker with stirring to  150-175° until foaming stopped and then trans- 
ferred while hot to a distilling flask and the distillation carried out without difficulty. 

(5) Kamm and Marvel, "Organic Syntheses," Vol. I ,  1932, p. 23. 
(6) FriedlLnder, Bet., 39, 1066 (1906). 



MERCAPTANS 
Yield, Boilin3 Pressure, 

n: 
% s 

% point. C. mm. Calcd. Found 

Nonyl" 80.0 100-104 20 0.8386 1.45197 20.0 19.7 
necylb 81.5 125-127 19 .a410 1.45367 18.4 18.0 
Undecyl 76.0 138-141 21 ,8432 1.45816 17.0 16.7 
Lauryl 81.0 153-155 24 .8450 1.45886 15.8 15.1 
Tridecyl 87.5 162-166 22 .8468 1.45906 14.8 14.0 
Myristyl &?. 5 176-180 22 .8484 1.46005 13 9 12.9 

" Ellis and Reid, Tars JOURNAL, 54,1684 (1932). V. Braun, Teuffert and Weiss- 
bach, Ann., 472, 139 (1929). 

t o  remove by di~tillation.~ The mercaptans were free of halogen and sufficiently pure 
for our purpose since the impurities were removed in the subsequent purification of the 
lead mercaptide and sulfonate. 

Lead Mereaptides and Sulfonates.-A solution of 0.8 mole of the niercaptan in 750 
cc. of 95% alcohol was added slowly, with rapid stirring, to  a solution of 150 g. of lead 
acetate in 750 cc. of 50% alcohol. I n  preparing the solutions of the higher mercaptans, 
lauryl, tridecyl and myristyl, i t  was necessary t o  add a small amount of ether to  get the 
mercaptan entirely into solution. The mercaptide precipitated as a bright orange salt 
which immediately turned to a light canary yellow color. This was filtered with suc- 
tion and washed twice with water and once with one liter of acetone and dried. The 
d r y  salt was powdered and added, in small portions, to  one liter of 50% nitric acid in a 
5-liter round-bottomed flask. The mixture was kept well mixed by shaking the flask 
after adding each portion of salt. It was necessary in some cases to  heat the acid slightly 
after adding the first two or three portions to  start the reaction and t o  prevent a too 
vigorous reaction due to an accumulation of unreacted mercaptide. A white salt settling 
t o  the bottom of the flask and the evolution of copious brown fumes indicate the progress 
of the  reaction. After all the mercaptide had been added the mixture was allowed to 
stand for one hour with occasional shaking, diluted with 3 liters of cold water and filtered 
with suction. The salt was washed twice with water, filtered as dry as possible and then 
extracted with two or more 1500-cc. portions of hot acetone, until no further precipitate 
could be obtained upon chilling the filtrate in a freezing solution. 

hlercaptan used Yield, % Calcd. Pb' % Foundh 

Nonyl 16.Sa 33.3 33.0 
Decyl 75.5 31.9 31.5 
Undecyl 83.0 30.5 30.4 
Lauryl 76.0 29.3 29.4 
Tridecyl 58.8 28.2 28.3 
Myristyl 68.5 27.2 27.5 

" The low yield of lead nonylsulfonate appears t o  be due t o  its greater solubility 
in  dilute nitric acid. ~ n a l ~ s e s  for lead were by titration with ammonium molybdate 
solution according t o  Treadwell-Hall, "Analytical Chemistry," 6th ed., Vol. 11, p. 618. 

(7) The method for the analysis of mercaptans of Kimball, Kramer and Reid [THIS JOURNAL, 43, 
1199 (192111 did not give a satisfactory end-point, probably because the disulfides formed are for the 
most part insoluble solids which enclose unreacted mercaptan. Since this work was completed Sampey 
and Reid [ibid., 64, 3404 (1932)l have applied the iodimetric method to benzene solutions but we have 
not tried this modification for the higher mercaptans 



On cooling the acetone extracts of the lead sulfonates, a white crystalline product 
usually separated, which in the case of the lead lauryl sulfonate melted a t  45-46 '. No 
attempt was made to identify these impurities. 

Sulfonic Acids.-A 6-mm. glass tube drawn out to 1.5 rnm. a t  one end was sealed 
into the wall of a 500-cc. round-bottomed flask in such a way that the narrow end ex- 
tended to the bottom of the flask. The flask was connected to a reflux condenser by 
means of a ground-glass joint. Fifty grams of lead salt and 250 cc. of dry isopropyl 
alcohol were placed in this flask and well mixed. The suspension was heated to reflux- 
ing for twenty to thirty minutes while dry hydrogen chloride was introduced through the 
small tube. The progress of the reaction was easily followed by the appearance of the 
salt. The lead sulfonate remained in suspension in the alcohol and was of a lustrous 
white appearance, whereas the lead chloride was a flat white and settled to the botton~ 
of the flask, leaving a clear solution above it. After complete decomposition the sus- 
pension was cooled and the lead chloride filtered onto a sintered glass filter. 

The filtrate was transferred to a 750-cc. flask fitted to a distilling bend 22 mm. 
in diameter with a ground glass connection. The solvent was evaporated a t  3-4 mm. 
pressure keeping an external bath a t  80-90'. It was not possible to remove all of the 
solvent in this way, but the solutions were evaporated until they became very viscous, 
or, in some cases, began to crystallize Then 150 cc. of freshly distilled ether was added 
and the whole was transferred to a 500-cc. separatory funnel. One hundred and fifty cubic 
centimeters of water was added and the mixture thoroughly shaken. The ether layer 
was removed and the water solution was extracted with three 100-cc. portions of ether. 
The aqueous solution was then drawn from the funnel into an open beaker and evapo- 
rated at reduced pressure over calcium chloride. It was necessary to control carefully 
the pressure, to keep the solution from foaming over the beaker. As the solution be- 
came more concentrated it gradually became more viscous until it finally set to a pasty 
mass of liquid crystal form. I t  was impossible to dry it further over calcium chloride, 
so it was transferred to another desiccator over phosphorus pentoxide and the drying 
was continued at  the same pressure. I t  was necessary to break up lumps of solid matter 
occasionally during this further drying. The final product was a white crystalline solid, 
analysis by titration showing it to be a monohydrate of the sulfonic acid. Anhydrous 
samples for analysis were dried at  3 mm. and 80". 

Lead Neutral equivalent 
sulfonate Yield, Melting point OC. Hyd. Anhyd. s, % 

used % Hydrate ~ n & d . b  Found Calcd. Found Calcd. Found 

Nonyla 84.7 . . .  46 . . . 208.2 210.0 15.38 15.30 
Decyla 60.0 . . . 46.5 . . . 222.2 223.5 14.40 15.00 
Undecyl 84.0 40-41 49 253.0 236.2 235.9 13.55 13.46 
Lauryl 92.0 43-45 52 267.5 250 2 249.5 12.79 12.82 
Tridecyl 80.2 48-49 58 281.3 264.2 266.4 12.11 12.01 
Myristyl 81.0  55-56 65.5 295.5 278.2 277.0 11.50 11.42 

a Nonyl and decyl sulfonic acids were obtained directly in the anhydrous state. 
The melting points for the anhydrous products are not capillary melting points but 

are approximate values taken in the tubes in which the sample was dehydrated 

The benzylaniline salts of the sulfonic acids were found to be non-hygroscopic, 
were readily purified by crystallization from ether containing a small amount of alcohol, 
and possessed sharp melting points.8 While the melting points do not vary as much as 

(8) Unpublished work with M. L. Farrow has shown that benzylaniline salts are satisfactory de- 
rivatives for sulfonic acids in general. 



rnight be desired, the compounds are readily distinguished by titrating their hot solu- 
tions with standard alkali. 

P 

Nouy l 
Decyl 
Undecyl 
Lauryl 
Tridecyl 
Myristyl 

N, % 
delting point, "C. Calcd. Found 

90.5-91.0 3.58 3.70 
84.0-84.5 3.45 3.49 
84.6-84.7 3.28 3.34 
91.0-91.2 3.23 3.18 
87.5-88 3.13 3.09 
82.5-82.7 3.04 2.95 

Neut. equiv. 
Calcd. Fouud 

391 396 
405 406 
419 421 
433 435 
447 445 
461 462 

Summary 

The normal aliphatic mercaptans and sulfonic acids containing from 
nine to  fourteen carbon atoms have been prepared in quantity and in a 
pure state. The benzylaniline salts of the sulfonic acids are described 
as derivatives. 

Acetylene Polymers and their Derivatives. VI. Vinylethinyl- 
magnesium Bromide and Some of its Reactions 

As might be expected from its structure, vinylacetylene (I) reacts rapidly 
with ethylmagnesium bromide. The reaction proceeds smoothly and 
apparently involves only the acetylenic hydrogen; the behavior of the 
product indicates that i t  is vinylethinylmagnesium bromide (11). It re- 
acts in the typical manner with a variety of reagents. 

Acetone yields vinylethinyldimethylcarbinol (111), a colorless liquid 
whose structure is established by its hydrogenation to  n-butyldimethyl- 
carbinol. On standing, it polymerizes to a colorless, transparent resin. 

The action of carbon dioxide on vinylethinylmagnesium bromide ap- 
parently gives vinylpropiolic acid (IV), but i t  was not found possible to 
isolate this substance in a state of high purity. Above 110' i t  polymerizes 
explosively, and even at lower temperatures it is rapidly converted into a 
tough, insoluble, rather elastic mass. 

The products (V and VI) obtained from a-naphthyl isocyanate and from 
triphenylchloromethane are stable crystalline solids. 

CHz=CH-CICH CH2=CH-CEC-MgBr CH2=CH-CcC-COH(CHa)t 
I I1 I11 
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Experimental Part 
Preparation of Vinylethinylmagnesium Bromide (II).--The reaction vessel was 

provided with a refrigerated return condenser (icesalt) and dropping funnel. The 
vinylacetylene (10 to 20% excess) dissolved in ether was added in portions with con- 
tinuous stirring to the ethylmagnesium bromide. The reaction proceeded slnoothly 
with sufficient evolution of hear to keep the rtlier reiktxing genuy. The reaction prod- 
uct remained dissolved in the ether. 

Vinylethiildiiethylcarbinol (III).-Forty grams of purified acetone was added 
slowly to a 15% excess of vinylethinylmagnesium bromide. The product of the reaction 
distilled without residue a t  50-59" (15 mm.). On redistillation, 40 g. of a colorless 
liquid boiling a t  59-61' (17 mm.) was collected. The yield in pure vinylethinyldi- 
methylcarbinol was 53%. B. p. 67' (24 mm.); n2: 1.4778; dzO 0.8872; MR calcd , 
33.32; found, 35.07. Exaltation, 1.75. 

Anal. Calcd. for CiHloO: C, 76.36; H, 9.09; mol. wt., 110. Found: C, 76.18; 
H, 8.88; mol. wt. (cryoscopic in benzene), 119. 

The carbinol became increasingly viscous on standing. After two weeks i t  was a 
hard, tough, transparent mass insoluble in the common organic solvents. This trans- 
formation was accompanied by the absorption of oxygen; the analytical values for car- 
bon and hydrogen became progressively lower. The values for the completely poly- 
merized product were C, 70.7, and H, 8.7. The polymerization was greatly retarded by 
the presence of hydroquinone. 

Hydrogenation of Vinylethinyldimethylcarbino1.-Twenty grams of the carbinol 
was dissolved in 75 cc. of alcohol. Four-tenths of a gram of platinum oxide was added 
and the mixture was shaken in a reduction apparatus. It absorbed 0.506 mole of hy- 
drogen in forty-five minutes, or about 93% of the theoretical amount, calculated for 
three moles of hydrogen absorbed per mole of carbinol. After evaporation of the alco- 
hol the residue distilled a t  71-72 O a t  48 mm. I t  was a colorless liquid with a pleasant 
camphor-like odor. I ts  physical constants agreed closely with those given in the litera- 
ture for dimethylbutylcarbino1. 

Found Given in the literaturen 

B. p. 139.5-141° (761 rnm.) B. p. 141-142' (755 mm.) 
23 n D 1.4189 %I 1.41592 

dig 0.817 d 0.8155 

" Henry and Dewaei, Bull. Acad. Roy. Belg., 957 (1908); Chem. Z., I, 1854 (1909). 

Anal. Calcd. for C;H160: C,  72.41; H, 13.79. Found: C, 72.31, 72.37; H, 13.68, 
13.64. 

Vinylpropiolic Acid.-One mole of vinylethinylmagnesium bromide was treated with 
dry carbon dioxide a t  0' until a color test showed the absence of any RMgBr. The 
product was then decomposed with water and the aqueous solution was submitted 
to continuous extraction with ether for eight hours. The solvent was evaporated in 
vacuo. The residue weighed 50 g. (calcd., 96 g.). Attempts to distil the product a t  
this stage by the usual methods always resulted in explosions. A partially successful 
distillation was effected a t  low pressure (about 0.05 mm.) in an all-glass apparatus. 
This consisted of a flask sealed to a receiver cooled in liquid air. The flask was heated to  
about 60". Evaporation occurred a t  a moderately rapid rate, and the distillate froze 



to  a crystalline solid in the receiver. It became liquid below room temperature. On 
redistillation in a stream of carbon dioxide most of the volatile product came over be- 
tween 64 and 71" a t  2 mm. I t  was a colorless, water-soluble liquid which turned yellow 
on standing. Its molecular weight, determined by titration with N/lO sodium hydrox- 
ide, was 102, instead of the calculated value 96. The product was evidently not quite 
pure. It reduced pennanganate instantly in acetone solution. 

A tube containing a sample of the acid was evacuated with a water-pump and sealed 
off. The tube was heated for eighty-five minutes a t  75O, a t  the end of which time a rub- 
ber-like yellow substance had formed. This was insoluble in water, alcohol, ether, ben- 
zene and acetic acid a t  the boiling points of these solvents. It was partly soluble in 
hot sodium hydroxide, imparting a yellow color to the solution, from which an amor- 
phous solid separated on neutralization. 

a-Naphthylamide of Vinylpropiolic Acid (V).-A solution of 9 g. of a-naphthyl 
isocyanate in anhydrous ether was added slowly to an excess of vinylethinylmagnesium 
bromide. The reaction proceeded smoothly. The mixture was refluxed for thirty 
minutes, then poured onto crushed ice. On extraction of the aqueous solution with 
ether, 1.5 g. of dinaphthylurea was lcft undissolved. On evaporation of the ether solu- 
tion, a yellowish solid separated. After two crystallizations from 50% alcohol it was 
obtained in the form of small yellowish needles melting a t  125 to 126' (copper block); 
yield, 9 g. I t  was readily soluble in ether, benzene, methanol and ethanol. I t  reduced 
permanganate in acetone solution very rapidly. In chloroform solution it absorbed 
bromine slowly with the evolution of hydrogen bromide. 

Anal. Calcd. for CI~HI~ON: C, 81.44; H, 4.97; mol. wt., 221. Found: C, 81.50, 
81.27; H, 4.92,4.85; mol. wt. (in boiling ethylene chloride), 221,219. 

Vinylethinyltriphenylmethane (VI).-A slight excess of vinylethinylmagnesium 
bromide was treated with a solution of 10 g. of triphenylchloromethane in anhydrous 
ether. After completion of the reaction, the mixture was worked up as usual. The 
ether solution left on evaporation 7.5 g. of a yellowish crystalline solid. After recrys- 
tallization from hot alcohol, it  melted a t  134-135' (copper block). It reduced perman- 
ganate in acetone solution and absorbed bromine, though slowly, in chloroform solution. 

Anal. Calcd. for CzaH~s: C, 93.87; H, 6.12; mol. wt., 294. Found: C, 94.17, 
93.52; H, 6.14,6.24; mol. wt. (in boiling benzene), 320,315. 

Summary 

Vinylacetylene reacts with ethylmagnesium bromide yielding vinyl- 
ethinylmagnesium bromide. This behaves in the typical manner toward 
acetone, carbon dioxide, a-naphthyl isocyanate and triphenylchlorometh- 
ane. The derivatives thus produced are described. 

WILMINGTON, DELAWARE RECEIVED AUGUST 11, 1932 
PUBLISHED MARCH 7, 1933 
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[CONTRIBUTION NO. 111 PROM THE EXPERIMENTAL STATION OF L'. I. DU PONT DE 
NEMOURS & COMPANY] 

Acetylene Polymers and their Derivatives. VII. Sodium 
Vinylacetylide and Vinylethinylcarbinols 

Vinylacetylene, like other true acetylenic compounds, reacts with Grig- 
nard reagents to form the corresponding organo magnesium halide, and 
this may be used to introduce the vinylethinyl group into compounds of 
various types.' The present paper is concerned with the formation of 
sodium vinylacetylide and with its use in a similar manner, especially in the 
synthesis of vinylethinylcarbinols. 

Sodium vinylacetylide is readily obtained by the action of vinylacetylene 
on metallic sodium. The metal may be applied directly to the liquid 
hydrocarbon, or the latter may be diluted with an inert solvent such as 
ether, toluene or liquid ammonia. The reaction occurs with great ra- 
pidity if the sodium is dissolved in liquid ammonia. These methods, 
however, have the disadvantage that the acetylide produced is frequently 
contaminated with appreciable amounts of polymeric material. More 
uniformly satisfactory results are obtained by the action of powdered 
sodamide on the hydrocarbon. The latter is preferably dissolved in ether 
or liquid ammonia. 

The sodium vinylacetylide obtained in this manner is a dusty, white 
powder, and vinylacetylene is regenerated in high yield when it is cau- 
tiously treated with water in the presence of a diluent. I ts  stability is 
st~fficient to permit its storage for two or three days in a stoppered bottle, 
and with some care i t  can be handled in the presence of air. However, 
if the air is moist the acetylide sometimes ignites spontaneously. It 
attacks many organic reagents with explosive violence, but cooling and 
dilution permit sufficient control to obtain smooth reaction in most cases. 
Isolation of the sodium compound is not necessary for its application as a 
reagent; the intended reactant is preferably added directly to the mixture 
resulting from the action of sodamide on vinylacetylene. 

In  dealing with aldehydes and ketones a still simpler and more satis- 
factory procedure consists in adding powdered sodamide in portions to a 
mixture of the carbonyl compound with vinylacetylene. In most cases i t  is 
advantageous to have present a diluent such as ether. With simple 
aliphatic and alicyclic ketones this method is very satisfactory. The 
yields are good and large scale operations are much simpler than with the 
vinylethinylmagnesium halides. However, sodium vinylacetylide has a 
more limited range of applicability in the synthesis of carbinols than has 
vinylethinylmagnesium bromide. Aliphatic aldehydes are partly resinified 
by the sodium compound, and unsaturated aldehydes and ketones are 

i l )  Carotherz and Berchet, THIS JOURNAL, 66, 1094 (1933) 
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usually resinified completely. The magnesium compound, however, even 
with very sensitive aldehydes and ketones, generally yields the expected 
monomeric carbinok2 

Vinylethinyldimethylcarbinol has already been described1 and the other 
carbinols listed in Table I1 resemble it in their properties. They react 
readily with bromine and decolorize permanganate; in the presence of 
platinum they are smoothly hydrogenated to the corresponding n-butyl- 
carbinols. They can be distilled in vacuo without decomposition, but if the 
temperature of distillation is too high the tertiary carbinols tend to lose 
water with the production of the corresponding substituted divinylacety- 
lenes. Vinylethinyldi-n-propylcarbinol, for example, thus leads to the 
compound CzH5-CH=C(C3H7)-CzC-CH=-. Divinylacetylene 
itself was obtained by heating vinylethinylmethylcarbinol with #-toluene- 
sulfonic acid. 

The tertiary carbinols all polymerize spontaneously on   tan ding.^ 
The transformation sets in rather quickly and progresses to the stage of a 
thick sirup during the course of a few days. The mixture then sets to a 
tough rather elastic mass, but the final product, a hard, transparent glass- 
like mass, is obtained only after several weeks or months. The trans- 
formation is greatly accelerated by certain catalysts, e. g., benzoyl peroxide, 
especially in the presence of light. The final glass-like products adhere 
very tenaciously to glass. They are insoluble in the common organic 
solvents. The polymerization of the carbinols also proceeds more rapidly 
a t  elevated temperature, e. g., 100°, but the final product obtained under 
these conditions is fusible and completely soluble in the common organic 
solvents. The spontaneous polymerization of the carbinols is strongly 
inhibited by the presence of a small amount of hydroquinone. The 
secondary carbinols polymerize very much more slowly than the tertiary 
carbinols. 

Experimental Part 
Preparation of Sodiqm Viy1acetylide.-Powdered sodamide (19.5 g., 0.5 mole) 

was slowly added to a solution of 75 g. of vinylacetylene in 250 cc. of liquid ammonia. 
The mixture was stirred for six hours and the ammonia evaporated in a stream of nitro- 
gen, finally at  60 '. The residue was a white powder (38 g., calcd. 37 g.) which showed a 
tendency to ignite spontaneously when exposed to the air. I t  was covered with toluene, 
and water was slowly added with constant stirring a t  75O. The acetylide finally dis- 
solved without appreciable residue in the aqueous layer. Vinylacetylene was distilled 
from the mixture and collected in a cold receiver. The yield was 21.3 g. or 82%. 

Preparation of the Carbinols.-The general procedure used for the preparation of 
the tertiary carbinols is illustrated by the following example. The reaction mixture 
consisted of 555 g. (7.7 moles) of methyl ethyl ketone (Eastman Kodak pract.), 551 g. 
(10.6 moles) of vinylacetylene, and 500 cc. of dry ether. The solution was contained in 

(2) Unpublished results. 
(3) The behavior of the vinylethinylcyclopentanol was exceptional. It had not polymerized 

after standing for one year at the ordinary conditions. 
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a 3-necked flask provided with a mercury-sealed stirrer and a coil condenser, which in 
turn was connected to a trap. The reaction flask and trap were surrounded with carbon 
dioxide snow and the coil condenser was kept cold in the same manner. To the cold 
solution was slowly added 300 g. (7.7 moles) of powdered sodamide and stirring was con- 
tinued for a total of six hours. The reaction mixture was made acid to litmus by means 
of 10% sulfuric acid, the ether layer separated and dried with sodium sulfate, and then 
distilled in a vacuum; 677 g. of pure vinylethinylmethylethylcarbinol was obtained; 
yield 71%. The carbinol was stabilized with 0.1% hydroquinone in order to prevent 
spontaneous polymerization. 

The same procedure was applied to the preparation of the secondary carbinols but 
the rcsdts were less satisfactory. The preparation of vinylethinylmethylcarbinol is 
used as an illustration. To a solution of 44 g. (1 mole) of freshly distilled acetaldehyde 
and 75 g. of vinylacetylene in 75 cc. of dry ether a t  -10' was slowly added 39 g. of 
powdered sodamide. After a few grams of sodamide had been added, the mixture be- 
came so gummy that additional ether was added. Finally, the mixture formed a cake 
and stirring was discontinued. After four hours the cake was broken up with a stirring 
rod, more ether added, and the suspension stirred at  room temperature for three hours. 
The reaction mixture was allowed to stand overnight and then decomposed with water 
and dilute sulfuric acid. The mixture was extracted several times with ether, and the 
latter dried with sodium sulfate and distilled. A considerable quantity of ether-insoluble 
resin remained in the reaction mixture. After removal of the ether and a small amount 
of low boiling liquid, 25 g. (26%) of vinylethinylmethylcarbinol was collected. I t  was 
a colorless liquid with an alcoholic odor slightly resembling that of butyl alcohol. I t  
reacted with dinitrobenzoyl chloride to form the 3,s-dinitrobenzoate of vinylethinyl- 
methylcarbiiol, white needles from dilute alcohol; m. p. 106-106.2 ". 

Anal. Calcd. for C13H1oN206: C, 54.27; H, 3.41. Found: C, 54.34; H, 3.47. 
Catalytic Reduction of the Viny1ethinylcarbinols.-The carbinols derived from 

acetone and from methyl ethyl ketone absorbed four atoms of hydrogen very rapidly 
when dissolved in alcohol and shaken with hydrogen in the presence of Adams' platinum 
oxide catalyst. The resulting n-butylcarbinols corresponded in their properties with 
those already reported in the literature, and the yields were almost quantitative. Hy- 
drogenation of the carbinols derived from methyl octyl ketone and from acetophenone 
yielded the new saturated carbinols described below. 

n-Butylmethyloctylcarbinol.-Colorless liquid, b. p. (3 mm.) 94"; n2i? 1.4418; 
d:' 0.8318; MR calcd., 68.38; MR found, 68.03. 

Anal. Calcd. for C1dHeoO: C ,  78.50; H, 14.02. Found: C, 77.20, 77.30; H, 
14.18, 14.25. 

n-ButyImethylphenylcarbin01.-Colorless liquid, b. p. (6 mm.) 107 to log0; n2$ 
1.5118; d:' 0.9616; MR calcd., 55.52; MR found, 55.52. 

Anal. Calcd. for C11HlaO: C, 80.90; H, 10.11. Found: C, 81.02,81.16; N, 10.38, 
10.24. 

n-Propyl-S-octadiene-1,5-ine-3.-When the attempt was made to distil vinyl- 
ethinyldi-n-propylcarbinol in vacua in a flask provided with a long column, dehydration 
occurred and the non-aqueous distillate was the hydrocarbon n-propyl-5-octadiene- 
1,5-ine-3. On redistillation i t  was obtained as a pale yellow liquid having a characteris- 
tic odor; b. p. (6 mm.) 57 to 58'; d:' 0.8047; n?, 1.4949; MR calcd., 50.06; M H  found, 
53.62. The sample was perhaps not quite pure. 

Anal. Calcd. for CllH16: C, 89.19; H, 10.81. Found: C, 87.47, 90.27, 87.73; 
H, 11.11, 9.94, 10.61. 

Preparation of Divinylacetylene by the Dehydration of Vinylethinylmethylcarbi- 
no1.-To 25 g. of p-toluenesulfonic acid in a 500-cc. flask provided with a stirrer, separa- 





March, 1933 SODILJM VINYLACETYLIDE AND VINYLBTHINYLCAKBINOLS 1101 

tory funnel, and condenser was slowly added 20.8 g. of vinylethinylmethylcarbinol. 
The flask was warmed on a water-bath to start the reaction, after which it proceeded 
vigorously. After two hours, the condenser was replaced by a distilling column and the 
contents of the flask distilled in oacuo. Divinylacetylene distilled from the mixture and 
collected in a trap surrounded by solid carbon dioxide and acetone. The divinyl- 
acetylene was not further purified, but was converted into the hexabromide. The 
melting point of this hexabromide was identical with that of the hexabromide from a 
known sample of divinylacetylene. The melting points were as follows 

Hexabromide from above synthesis m. p. 105-106' 
Hexabromide fro= known sample of divinylacetylene 104106 
Mixed m. p. 105-106 " 

Polymerization of the Carbino1s.-The behavior of vinylethinylmethylethylcarbinol 
is typical of the tertiary carbinols. On standing in a stoppered bottle its viscosity in- 
creased very rapidly during the first few days, and a t  the end of a week the product was a 
thick, colorless, transparent sirup. After three weeks it had set to a tough, elastic, 
rather rubber-like mass which still contiined a considerable proportion of unchanged 
carbinol. After six weeks it had changed to a very hard, translucent mass. 

Fifty grams of vinylethinylmethylethylcarbinol containing 0.5 g. of benzoyl perox- 
ide was exposed to a Cooper-Hewitt light (mercury arc in glass). The product obtained 
after seventy-two hours was a hard, transparent, pale yellow, glass-like resin. It was in- 
soluble in the common organic solvents. When heated it softened somewhat a t  125 
to 150°, but it did not liquefy completely even a t  much higher temperatures. 

Twenty-five grams of the carbinol containing 0.25 g. of benzoyl peroxide was ex- 
posed to a 150-watt Mazda light. In four days a product similar to that described in the 
preceding example was obtained. 

Twenty-five grams of the carbinol containing 0.25 g. of uranyl nitrate was exposed 
to a Cooper-Hewitt light. In seventy-two hours, a hard, transparent, amber-colored 
resin was obtained. When no catalyst was present under the same conditions, the 
transformation to a hard resin required about one week. 

A sample of vinylethinylmethylethylcarbinol was heated for several hours a t  100° 
while a slow stream of air was bubbled through it. The product was a brown sirup. At 
room temperature it solidified to a brittle resin which dissolved readily in the common 
organic solvents. 

Summary 

Sodium vinylacetylide obtained by the action of sodium or of sodamide 
on vinylacetylene is a very reactive white powder which shows a tendency 
to ignite spontaneously in the air. Under properly controlled conditions 
i t  is a convenient reagent for introducing the vinylethinyl group into 
reactive organic compounds. Vinylethinylcarbinols are readily obtained 
by treating a mixture of vinylacetylene and a ketone with sodamide. 
The same method can also be applied to aldehydes but with less favorable 
results. Nine new carbinols prepared by this method are described. 



[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, COLUMBIA UNIVERSITP] 

Co-Ferments and Banana Respiration 

The metabolism of respiration in the case of the higher plants plays a 
dominating role in the ripening and storage of fruit, the curing of hay, 
tobacco, grains, etc. Although considerable work has been and is being 
done on the chemistry of respiration as it is related to fermentation by 
yeast and to the glycolysis in muscle tissue, our knowledge along these lines 
concerning plant respiration is still relatively meager. The present paper 
is an account of the study of glycolytic activators present in the pulp and 
juice of bananas. 

The presence of zymasic activators in plant material, such as pea meal, 
has been shown by Bodnar and Hoffner.' Euler and Steffenburg2 added 
boiled apple iuice as well as a boiled aqueous extract of the fruit to some 
yeast apo-zymase preparation, but observed practically no stimulation of 
zymasic activity. From other results, however, they concluded that these 
experiments did not necessarily show the absence of cozymasic activators, 
but rather the presence of inhibitors, probably phenolic in character, which 
tend to mask the presence of the activators in the extracts from apples. 

The present authors, in connection with some work on the chemical 
changes involved in the ripening of bananas, find the juice from this fruit 
to contain co-ferments. The presence of these co-ferments or activators in 
bananas was established by much the same procedure as that used in the 
case of yeast and muscle tissues. Boiled aqueous extracts of the fruit were 
added to a mixture of yeast apo-zymase, glucose, sodium phosphate, hexose 
diphosphate and water, contained in the reaction flask of a Warburg- 
Barcroft respiration apparatus and the rate and amount of carbon dioxide 
given off measured. 

Apo-zymase Preparations.-These were obtained by stirring several grams of air 
or acetone dried brewer's yeast with twenty times its weight of water for fifteen minutes, 
centrifuging, and repeating the washing. For some lots of yeasts, four washings were 
necessary in order to remove most of the cozymase. Preparations obtained in this way 
produced very little fermentation when mixed with solutions containing glucose, sodium 
phosphate and hexose diphosphate. Dried pea meal was also used without washing in 
some instances as the apo-zymase preparation since very little fermentation occurs when 
the meal is added to a solution of glucose, disodium phosphate and hexose diphosphate. 
The yeast apo-zymase preparations were more active than the pea meal and therefore 
mostly used in this work. 

Method for Determining Accelerating Effect of the Co-ferment.-The Warburg- 
Baraoft  apparatus3 was used; described briefly, i t  consisted of a 50-cc. flask, contain- 
ing the reaction mixture of co-ferment, ferment and substrate, attached to a manome- 

(1) Bodnar and Hoffner, Riochem. Z., 165, 145 (1925). 
(2) Euler and Steffenburg, Z. phvsiol. Chem.. 175, 38 (1928). 
(3) Warburg, Biochem. E . ,  143, 317 (1923): 158, 51 (1924); 214, 5 (1929). 
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ter for measuring the carbon dioxide evolved. The reaction flask was immersed in a 
constant temperature bath, kept a t  35" and shaken continuously by a mechanical de- 
vice attached to a motor. 

Co-ferment Preparations from Bananas.-The most convenient and effective prepa 
rations of co-ferment were made by grinding in a mortar, fresh yelIow ripe bananas 
with half their weight of water, centrifuging and boiling the supernatant liquid for two 
to three minutes. Green bananas can also be used for preparing the co-ferment extract, 
or banana juice obtained by mixing banana pulp with sand and infusorial earth and 
pressing the mixture in a hydraulic press using about 2000 pounds pressure. Some ex- 
tracts were also prepared using commercial banana flour. 

Activity of Co-ferment Preparations.-Apo-zymase preparation made from 4 g.  of 
dried brewer's yeast. To this was added 10 cc. of 30y0 glucose solution, 4 cc. of 0.66 
M sodium phosphate solution (PH 6.9), and 3 cc. of a 4% hexose diphosphate solution. 
The mixture (PH 6.4) was then diluted to 40 cc. and 2 cc. of the resulting suspension was 
pipetted into respiration flasks containing the following material: (1) one cc. of dis- 
tilled water; (2) one cc. of ripe banana extract (prepared as described above); (3) 
one cc. of green banana extract; (4) one cc. of extract from zymin (acetone dried yeast 
extracted as described above); ( 5 )  one cc. of extract from ripe bananas (20 g of ripe 
banana pulp ground in a mortar with 100 cc. of acetone, and repeated twice more when 
a fine powder was obtained. This powder was extracted with ten times its weight of 
water); (6) half a cc. of extract as in 2 and 0.5 cc. of extract as in 3. 

Time in - Cc of carbon dioxide given off - 
minutes 1 2 3 4 5 6 

30 . . . 0.34 0.06 1.78 0.28 0.21 
60 . . .  .57 .14 3.41 .58 .38 
90 Trace .71 .19 4.29 .81 .47 

The values for the ripe banana extracts, columns 2 and 5, are larger than those 
for the extract from green bananas, column 3, indicating the presence of more co-fer- 
ment in the ripe than in the green fruit. The values in column 6 correspond to about the 
mean for the values in columns 2 and 3, indicating that there was 110 inhibitor present 
in the green banana extract causing the low values in column 3. 

The accelerating influence of the co-ferment from banana on yeast apo-zymase ac- 
tion is considerably less than that of the yeast cozymase as can be seen by comparing 
columns 2 and 5. 

Stability of the Banana Co-ferment.-A water extract of ripe banana was prepared 
by grinding the pulp with an equal weight of water, centrifuging and boiling the super- 
natant liquid for two to three minutes. This extract had PH 5.0. The extract was sub- 
jected to the following conditions. (A) To a portion of the extract sufficient hydro- 
chloric acid was added to make the solution about 0.1 M in HC1 and PH about 1. This 
acid solution was allowed to stand at  room temperature for an hour and then neu- 
tralized with a solution of sodium hydroxide until the Pa was 5.2. (B) A sodium 
hydroxide solution was added to another portion of the extract until the PH of the solu- 
tion was 9.4 This was allowed to stand at  room temperature for an hour and then 
neutralized with hydrochloric acid until the PH became 4.8. (C) A third portion of the 
above banana extract was evaporated to a sirupy mass on the water-bath (one hour 
duration of heating) and then diluted with water to the original volume. (D) A fourth 
portion of the banana extract was brought to PH 6.4 with dilute sodium hydroxide, then 
heated on the water-bath as in C for one hour, and finally diluted to the original volume. 
Five cc. portions of a mixture, consisting of yeast apo-zymase, glucose, sodium phos- 
phate and hexose diphosphate, similar to apo-zymase mixture in previous experiments, 
were pipettcd into respiration flasks containing the following: (1) two cc. of water; 



(2) two cc. of solution A;  (3) two cc. of solution B; (4) two cc. of solution C;  (5) two 
cc. of solution D, and (6) two cc. of original extract. 

Time in Cc. of carbon dioxide evolved - 
minutes 1 2 3 4 5 6 

60 0.00 0.51 0.09 0.28 0.18 0.64 
120 . 00 .85 .14 .55 .34 1.12 

The above figures show that the co-ferment in the banana extract is greatly inac- 
tivated by alkali (solution B and column 3) and by heating at  PH 6.4 (solution D and 
column 5). On the other hand the co-ferment is more resistant toward acid and in 
both of these behaviors the banana co-ferment resembles yeast cozymase.4 

Relation between Amount of Co-ferment and Amount of Carbon Dioxide Evolved.- 
Some ripe banana extract, prepared as  in the previous set of experiments, was brought 
to PH 6.2 and then 1 cc. of 0.66 M sodium phosphate added, giving a solution of PH 6.4. 
Five cc. of a yeast apo-zymase mixture, similar to that used in the previous set of ex- 
periments, was pipetted into each of a series of respiration flasks which contained, 
respectively: (1) six cc. of water (the water used in this set of experiments contained 
the same amount of added sodium phosphate as the banana extracts); (2) one cc. of 
banana extract and 5 cc. of water; (3) two cc. of extract and 4 cc. of water; (4) four cc. of 
extract and 2 cc. of water; (5) five cc. of extract and I cc. of water; (6) six cc. of extract. 

Time in Cc. carbon dioxide evolved - 
minutes 1 2 3 4 5 6 

These values show that there is a gradual increase in the volume of carbon dioxide 
given off as the amount of added extract is increased. 

Influence of Magnesium Chloride and Acetic Aldehyde.-Five cc. of yeast apo- 
xymase mixture, prepared as in previous experiments, was added to respiration flasks 
containing the following material: (1) two and 0.6 cc. of water; (2) two cc. of ripe 
banana extract (prepared as in previous set of experiments) and 0.6 cc. of a 2% aqueous 
solution of acetic aldehyde; (3) two cc. of ripe banana extract and 0.6 cc. of water; 
(4) two cc. of extract and 0.6 cc. of 2% magnesium chloride solution. 

Time in 
minutes 

F Cc. of carbon dioxide evolved 
1 2 3 4 

The magnesium chloride has an accelerating effect on the reaction, while the acetic 
aldehyde has practically none. 

The Co-ferment in Banana Extract Diffuses through a Collodion Membrane.- 
Some ripe banana extract and a few drops of toluene were placed in a collodion dialyzing 
bag and the latter immersed in a large beaker of water. After dialyzing for two days, 
the liquid outside, of the bag was concentrated in an evaporating dish on the steam- 
bath to the original volume of the extract. The activities of the concentrated liquid, 
the contents of the dialyzing bag, and the original banana extract were determined 
in the usual way. Two cc. of yeast apo-zymase mixture (prepared as in the previous 
experiments) was added to each of a series of respiration flasks containing the following 
material: (1) two cc. of water; (2) two cc. of the contents of the dialyzing bag after 

(4) Euler and Myrback, 2. physiol. Chem., 133, 260 (1924). 



dialysis; (3) two cc. of concentrated liquid from outside the bag; (4) two cc. of the 
original banana extract. 

Time in Cc. of  carbon dioxide evolved --- 
minutes 1 o 3 4 

The values in coiulnns 3 and 4 show that practically all of the co-ferment diffused 
through the collodion membrane. 

Other Enzymes Belonging to the Glycolysis Chain. Phosphatase.-To test for the 
presence of phosphatase, a few drops of toluene, 2 cc. of a 4% sodium hexose diphos- 
phate solution, and 5 cc. of water were added to 23 g. of ripe banana pulp, and the mix- 
ture ground in a mortar. Twenty cc. of a 6% trichloroacetic acid solution was added 
to the mixture and stirred, to destroy enzymes and precipitate proteins, and then made 
up to 250 cc. volume with water. After the mixture thus prepared had stood overnight, 
it was filtered and the inorganic phosphorus determined by Martland and Robison's 
modification of Briggs' m e t h ~ d . ~  Two cc, of the filtrate contained 0 057 mg of inorganic 
phosphorus. 

Another lot of pulp (24 g.), hexosc diphosphate, toluene and water, similar to that 
above, was prepared and allowed to stand overnight (eighteen hours) before adding the 
trichloroacetic acid, etc., so as to permit any phosphatase present to act on organic 
phosphates. Two cc. of this filtrate contained a much larger amount of inorganic phos- 
phorus, 0.208 mg:, thereby showing the presence of phosphatase 

In a similar way the banana extract was aIso found to contain phosphatase, showing 
this enzyme to be present in a soluble form 

Phosphatese.-To see whether any phosphoric a+ esterifying enzyme was present 
in the banana, 20 g. of pulp was ground with a few drops of toluene, 2 cc. of 0.66 M 
sodium phosphate and 5 cc. of water (PH of resulting mixture about 5.8). To deter- 
mine the amount of inorganic phosphorus present, 20 cc. of 6% trichloroacetic acid were 
added, the mixture made up to 500 cc. with water and filtered. One cc. of this filtrate 
contained 0.094 mg. of inorganic phosphorus. A similar preparation which was allowed 
to stand eighteen hours before adding the trichloroacetic acid gave practically the same 
amount of inorganic phosphorus per cc., 0.092 mg. The difference between these two 
values is practically within the limits of experimental error and hence cannot be taken 
as evidence for the presence of any phosphorylating enzyme in the banana. The au- 
thors, however, do not wish to state that any enzyme of this kind is absent, but rather 
that possibly the method used in testing for its presence may not have been suitable. 

Carboxy1ase.-To test for carboxylase banana pulp was ground with 0.66 M 
sodium phosphate solution, PH of mixture about 6.4, and equal amounts of the mixture 
were placed in each of two respiration flasks. To one sodium pyruvate was added and 
to the second an equal volume of water. In two hours the flask containing the pyruvate 
gave 2.62 cc. of carbon dioxide, while the flask to which water had been added gave off 
only 0.7 cc., showing therefore the presence of this enzyme. Water extracts and banana 
juice were only slightly active with respect to this enzyme. 

The authors desire to express their thanks to the United Fruit Company 
for their financial aid in this work. 

Summary 
An aqueous extract of crushed banana pulp contains material which 

activates the glycolytic action of yeast apo-zymase. 
(5 )  Martland and Robison. Biochcm. J . ,  80, 847 (1926). 



Pressed juice from banana pulp also contains this activator. 
The aqueous extract may be heated to boiling for a few minutes without 

loss of its activating property, but when evaporated to dryness on the 
steam-bath at PH 6.4, it is rendered inert. 

The glycolytic activator is more resistant to acid (PH 1) than to 
alkali (PH 9.4). 

The activator passes through a collodion membrane on dialysis. 
The effect of the activator, in the crude extract, on yeast apo-zymase is 

much less than that of yeast cozymase. 
The effect of the activator on yeast apo-zymase is increased by small 

amounts of magnesium chloride, but hardly a t  all by acetic aldehyde. 
The extract from the banana pulp also contained phosphatase and 

carboxylase. 
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Studies on the Rearrangement of 
Tertiarybutylmethylcarbinol (Pinacolyl Alcohol). I 

In spite of the large amount of work on pinacolyl alcohol, its dehydration 
products and its halides, the subject is still confused. This is shown by the 
fact that the fourth edition of Beilstein's "Handbuch" gives the halides the 
tertiary structure, (CH3)2CXCH(CH3)2, corresponding to a complete 
rearrangement, while the supplement to the fourth edition gives the 
structure, (CK~)SCCHXCH~. 

In the present work the chloride has been prepared from pinacolyl alcohol 
and saturated aqueous hydrochloric acid at  - 10'. The product reacted 
with moist silver oxide to give the rearranged product dimethylisopropyl- 
carbinol. A bromide was prepared from pinacolyl alcohol. This was 
studied by the freezing point method2 and was found to consist of about 
90% of the rearranged tertiary bromide, (CHZ)~CB~CH(CH~)~.  The 
composition of the impure bromide was not changed by heating for sixteen 
hours a t  125O. Hydrolysis  experiment^^.^ also indicated that the mixture 
was about 90% tertiary. 

The dehydration of tert.-butylmethylcarbinol was studied. Attempts to 
dehydrate the boiling alcohol by means of traces of benzene sulfonic acid 
and iodine failed. Dehydration of the alcohol with oxalic acid gave tetra- 

(1) Submitted in partial fulfilment of the requirements for the Ph.D. degree at  the Pennsylvania 
State College. Most of this work was done at Northwestern University in 1928-1929. 

(2 )  Whitmore and Rothrock, Tnrs JOURNAL, 64, 3431 (1932). 
(3) Delacre, Bull. soc. chim., [4] 1, 575, 978 (1907). 



methylethylene and unsym.-methylisopropylethylene in the ratio 5:2. 
The fraction boiling a t  65-67O observed by other workers4 was shown to be 
a mixture of these olefins. By heating the -0MgBr derivative of the 
alcohol to 250-300°, a 3:2 mixture of the same olefins was obtained.6 
Dehydration of the alcohol with iodine in a sealed tube a t  140° gave a 6: 1 
mixture. When the acetate of pinacolyl alcohol was decomposed a t  about 
300°, brt.-butylethylene was formed with only small amounts of rearranged 
products. This recalls the formation of the unrearranged olefin from the 
xanthate of pinacolyl al~ohol.~ 

The alcohol itself has been found to be stable to long heating a t  200°, 
in spite of suggestions in the literature that it undergoes rearrangement on 
repeated distillation.? 

Experimental 
The pinacolyl alcohol, b. p. 116.5-121" (740 mm.), was obtained by the action of 

acetaldehyde with tert.-butylmagnesium chloride. The yield was 280jo bayed on the 
tertiary butyl chloride used. The alcohol was also made by reducing pinacolone,s 
with moist ether and sodium. The yields of material of b. p. 117-121" and m. p. 1.0- 
2.5". were about 70y0. 

Stability of Tertiarybutylmethylcarbinol and its Acetate to Heat.-The freezing 
point constant of the alcohol was found to be 5.6. Two duplicate sealed tubes contain- 
ing samples of the alcohol, m. p. +lo ,  and filled with carbon dioxide, were heated a t  
200". The first tube was cooled and opened after eighteen hours and the second after 
forty-eight hours. The freezing points of the two samples were -1.5 and -2.0°.2 
Mixed melting point determinations with unheated samples of the alcohol showed no 
depression. A sample of the alcohol of m. p. 1.6' was refluxed with protection from at- 
mospheric moisture for forty-one hours. Its melting point was then found to be 1.4". 
These experiments indicate that the thermal decomposition of the alcohol was very slight. 

The acetate of tert.-butylmethylcarbinol, b. p. 141.2-141.4" (740 mm.), was pre- 
pared by means of acetyl chloride. Five grams of the acetate was heated in a sealed 
tube a t  160-170" for one hundred and forty-four hours. The product was heated for 
eighteen hours with alcohoIic potassium hydroxide and worked up. About 3 g. of ma- 
terial boiling at  119-120' was recovered. Treatment with phenyl isocyanate gave the 
phenylurethan of tert.-butylmethylcarbinol, m. p. 77.5-78.5". 

When 24 g. of the acetate was distilled over porous tile in a Pyrex tube heated in an 
electric furnace a t  about 300°, the product amounted to 8 g. of material of which 5 g. on 
refractionation boiled a t  40-43.5O (740 mm.), a yield of tert.-butylethylene of about 35%. 
The olefin was oxidized with permanganate to trimethylacetic acid, which was identified 
by its odor and by conversion to the silver salt containing 51.7y0 silver (calcd. 52.1Y0). 

Halides Obtained from Tertiarybutylmethylcarbinol 

1. The Chloride.-Concentrated c. P. hydrochloric acid was cooled to - lo0 and 
saturated with hydrogen chloride gas. To 100 g. of this acid in a tube was added 20 g. 
of the carbinol, the tube was sealed and allowed to stand with occasional shaking 

(4) Zelinsky and Zelikow, Ber.. 34, 3248 (1901); Nybergh, "Hyllningsckrift tillagnad Ossian 
Aschan," 1920, pp. 98-102; Chemical Abstracts, 16,2110 (1922). 

(5) Whitmore and Houk, THIS JOURNAL, 64,3714 (1932). 
(6) Pomin and Sochanski, Ber., 46, 244 (1913). 
(7) Van Risseghem, Ball soc chim. Belg., 30, 8 (1921). 
(8) "Organic Syntheses," 1925, Vol. V, pp. 87. 91. 



(care!) a t  room temperature The solution was a t  k s t  red and homogeneous. After a 
few hours a violet upper layer separated. This gradually increased for five days. I t  
was then removed and washed with concd. hydrochloric acid and twice with water. The 
violet color disappeared during the latter treatment. The weight of the crude chloride 
was 24 g. 

A suspension of washed silver oxide (from 35 g. of silver nitrate) in 400 cc. of water 
was treated with 20 g. of the chloride and allowed to stand with shaking at  room tempera- 
ture for four days. The mixture was extracted with ether and the extract was frac- 
tionated. A small amount of olefin boiling a t  70-80" was obtained. The main fraction 
boiled a t  116-117.5O (738 mm.). This was treated with phenyl isocyanate. No prod- 
uct soluble in hot ligroin (phenylurethan of pinacolyl alcohol) was obtained. Crys- 
tallization of the product from alcohol gave diphenylurea, m. p. 235'. thus indicating 
that the alcohol formed by the silver oxide treatment was a tertiary alcohol. No tert.- 
butylmethylcarbinol was regenerated. This indicates that the chloride obtained from 
pinacolyl alcohol and cold hydrochloric acid is the rearranged tertiary chloride. A blank 
experiment with 3-chloropentane and silver oxide under like conditions gave no reaction. 

2. The Bromide.-(a) Fifty grams of the carbinol was cooled with ice and treated 
with dry hydrogen bromide until saturated. The mixture turned red. After standing 
for two days at 0°, the saturation with hydrogen bromide was repeated. This was re- 
peated twice more. Meantime an aqueous layer had separated. This was removed, 
the treatment with hydrogen bromide was repeated and the mixture was heated for three 
hours on the steam-bath under a reflux condenser. The bromide was then separated and 
distilled under reduced pressure. The product of b. p. 88-90" (200 mm.) and m. p. 
6.6" weighed 68 g. 

(b) For purposes of comparison dimethylisopropylcarbinyl bromide, b. p. 86-89' 
(180 mm.), m. p. 13.5",1° was prepared by the action of hydrobromic acid on dimethyl- 
isopropylcarbinol, b. p. 116-120" (740 mm.), obtained in 40% yield by the action of 
acetone with isopropylmagnesium bromide. The melting point of 13.5" was obtained 
only after repeated fractional crystallizations. 

(c) Freezing point determinations were taken on mixtures of the bromide prepared 
from tert.-butylmethylcarbinol (m. p. 6.6') and that from dimethylisopropylcarbinol 
(m. p. 9.8') made in the ratios 5:2 and I:1. These were 7.4 and 8.5", respectively, indi- 
cating that the two materials contained mainly the same bromide. 

A mixture of 4.55 g. of dimethylisopropylcarbinyl bromide, m. p. 9.S0, with 0.389 
g. of tert.-amyl bromide, b. p. 106.5-107" (735 mm.), froze a t  2.3", thus indicating a 
molecular lowering of 13 If the true melting point of this bromide is 15". the bromide 
made from tert.-butylmethylcarbinol and freezing at  6.6" contains about 0.84 mole of 
impurity in 1000 g. of pure bromide and thus contains about 90% of the tertiary bromide, 
(CH8),CBrCH(CH8)2. 

(d) A sample of the bromide of m, p. 6.6" prepared from tert.-butylmethylcar- 
binol was heated in a sealed tube a t  125" for sixteen hours. The melting point was then 
5.6O. If any unstable bromide had changed to the tertiary bromide, the melting point 
would have been raised. 

(e) Weighed samples of dimethylisopropylcarbinyl bromide were shaken with dis- 
tilled water and the water layers were titrated for bromide. In sixty-five minutes, 97% 
of the bromine in the bromide appeared as hydrogen bromide. Longer shaking gave no 
increase in this value. 

In  a similar way samples of the bromide of m. p. 6.6" were hydrolyzed by cold water 
to give 91-92.5% of the total bromine as hydrogen bromide, indicating a corresponding 
content of the tertiary bromide (CH8)2CBrCH(CHs)2. The nature of the stable diffi- --- 

(9)  Couturier, Ann chim phys., 161 26, 433 (1892); Delacre, Bull ~ o c  rhzm , [31 36, 348 (1'306) 
(10) Zelinsky and Zelikow, Ber , 34, 2858 (1901). 



cultly hydrolyzable bromide forming less than 10% of the product has not yet been 
determined 

Dehydration of Tertiarybutylmethylcarbinol 

(a) Refluxing 30 g. of the carbinol (b. p. 118-120) with 0.1 g. of benzerie wlfonic 
acid for 120 hours gave less than 0.5 g. of material boiling below 85". A total of 27 g. 
of the carbinol was recovered unchanged. 

(b) Dehydration of the carbinol with anhydrous oxalic acid gave a distillate boiling 
at 55-65'. When dried and carefully fractionated," the chief fractions boiled a t  740 
mm. a t  55-59' and 69.5-72" with only very small intermediate fractions. These were 
found in the ratio 2:5 and were the unsym.-methylisopropylethylene and tetramethyl- 
ethylene reported by other workers. When careful fractionation was employed there 
was no indication of the 65-67 O material reported by Zelinsky and Zelikow and by Ny- 
bergh.' 

(c) The -0MgBr compound of the carbinol was made by treating a dry ether solu- 
tion of 30 g. of the latter with the calculated amount of titrated ethylmagnesium bromide 
solution. The ether was evaporated and the residue was heated in an oil-bath. When 
the bath reached 170°, a distillate came over a t  33.5-34.fi0. Tests with bromine solu- 
tion failed to indicate any unsaturated material (boiling point of tert.-butylethylene, 
41 "). The bath was then raised to 250° and then to 340'. A total of 20 g. of material 
boiling at  55-65' was obtained. Three careful fractionations of this material gave 4.5 g., 
b. p. 54-59'. and 6.5 g., b. p. 67-72". No indication of tert.-butylethylene was de- 
tected. 

(d) All attempts to dehydrate the carbinol by refluxing with iodine failed. Finally 
19 g. of tertiarybutylmethylcarbinol and 1 g. of iodine were heated in a sealed tube a t  
140". After eight hours two layers had formed. These did not change after heating 
for eight hours longer. The lower (water) layer amounted to 4 g. The upper layer was 
dried with sodium and fractionated carefully a t  732 mm. The chief fractions were 1.4 g., 
b. p. 61.5-67", and 8 g., b. p. 69-72.5". Thus about 86% of the product was tetra- 
methylethylene. 

Summary 

1. The stabilities of tert.-butylmethylcarbinol and its acetate have been 
studied. At high temperature, the acetate gives tert.-butylethylene with- 
out rearrangement. 

2. The chloride and bromide obtained from the carbinol consist almost 
entirely of rearranged products. 

3. A variety of means of dehydration of the carbinol give only tetra- 
methylethylene and unsym.-methylisopropylethylene without any third 
product. 
STATE COLLEGE, PENNSYLVANIA 

111) Whitmore and Lux, THIS JOURNAL, 64, 3451 (5932) 



[CONTRIBUTION FROM THE CHEMICAL LABORATORY O F  THE RICE INSTITUTE] 

Imidazole Derivatives of Barbituric Acid 

BY MILLARD S. TAGGART AND G. HOLMES RICHTER 

Following the discovery of Fisher and Mehring in 1903 that 5,5-diethyl- 
barbituric acid was an excellent hypnotic, chemical and medicinal interest 
in the barbituric acid derivatives has become very great. 

The known derivatives of barbituric acid are, in general, the aliphatic 
and aromatic substituted compounds. The heterocyclic derivatives of 
barbituric acid have not received the chemical attention that they deserve. 
The purpose of this investigation was to prepare several heterocyclic 
derivatives of barbituric acid. Among the possibilities in this field, 
imidazole derivatives were considered to be of outstanding interest. This 
was suggested by the known physiological importance of simple imidazole 
compounds such as histidine, histamine, pilocarpine, etc. 

The method of preparation was to condense 4(or 5)-chloromethylimid- 
azole with monoalkylated malonic esters and subsequently to condense 
these compounds with urea. In this manner 5-n-butyl-5-[4(or 5)-imid- 
azolemethyll-barbituric acid and 5-isoamyl-5-[4(or 5)-imidazolemethyl]- 
barbituric acid were prepared. The 4(or 5)-chloromethylimidazole was 
prepared by the method of Pymanl with some modifications suggested by 
Koessler and Hanke.2 

Experimental Part 
Acetone Dicarboxylic Acid.-This material was prepared according to the direc- 

tions given in "Organic Syntheses" (Vol. V, p. 5) except that the excess sulfuric acid 
was not removed as this was one of the reagents in the following synthesis. 

Diisonitrosoacetone.-The crude material obtained above was converted into 
diisonitrosoacetone by means of the reaction described by Pe~hmann.~ 

Diaminoacetone Chlor0stannite.-This material was prepared by the reduction of 
diisonitrosoacetone according to the method described by Kali~cher.~ 

Diaminoacetone Hydrochloride.-The diaminoacetone chlorostannite was decom- 
posed by mcans of hydrogen sulfide in the manner described by Koessler and Hanke.2 
Frequently in this treatment a colloidal suspension of the tin sulfide is obtained; if this 
occurs, dilution with distilled water will cause the sol to coagulate. 

2-Thiol4(or 5)-aminomethylimidazole Hydrochloride.-The diaminoacetone hydro- 
chloride was condensed with sodium thiocyanate in the manner described by Pyman.' 

4(or 5)-Hydroxymethylimidazole Picrate.-Following the method of Pyman this 
compound was prepared by the oxidation of 2-thiol-4-aminomethylimidazole hydro- 
chloride and subsequent treatment of the material with picric acid. In this connection it 
was noted that a sodium-free picrate could be conveniently obtained by omitting the 
neutralization with dry sodium carbonate as recommended by Koessler and Hanke. 
This is made possible by the relative insolubility of the picrate in water. 

(1) Pyman, J. Chem. Soc., 99, 668 (1911). 
(2) Koessler and Hanke, THIS JOURNAL, 40, 1717 (1918). 
(3) Pechmann, Ber., 19, 2465 (1886). 
(4) Kalischer, ibid., 28, 1519 (1895). 
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4(or 5)-Hydroxymethylimidazole Hydrochloride.-The above picrate was decom- 
posed by hydrochloric acid and the picric acid extracted with benzene. 

4(or 5)-Chloromethylimidazole Hydrochloride.--This material was prepared by the 
action of phosphorus pentachloride on the above alcohol according to the directions of 
Pyman. 

Condensation of 4(or 5)-Chloromethylimidazole with Ethyl n-Butylmalonic Ester.- 
The apparatus was dried by a stream of dry air heated to 150'. After cooling to  room 
temperature 200 cc. of a special grade of absolute alcohol was distilled into the reaction 
flask and 4 6 g. of clean sodium dissolved in it. The n-butylmalonic ester was added, 
and the excess alcohol removed by distillation; 15 g. of the chloromethylimidazole 
hydrochioride dissolved in alcoho! was ther, added over a period of several hours. The 
solution was then refluxed for two hours and the alcohol distilled off in vacuo. The 
material was transferred to a separatory funnel and treated with 150 cc. of approxi- 
mately 5y0 hydrochloric acid and extracted with ether several times. The aqueous 
solution was then made alkaline with sodium carbonate and extracted with ether. The 
ether solution was dried over anhydrous sodium sulfate, and the ether removed in vacuo; 
a glassy solid was obtained which weighed 16.3 g. (55.9%). Better yields can be ob- 
tained by carrying the reaction out a t  lower temperatures and for shorter times. 

5-n-Butyl-5 [4(or 5)-imidazolemethyl ]-barbituric Acid.-Ninety cc. absolute alcohol 
was placed in a Pyrex tube closed a t  one end and 3.8 g. of sodium was dissolved in i t ;  
4.86 g. of urea and 16 g. of the substituted malonic ester were then added, and the tube 
sealed off and heated for twenty-two hours with steam. I t  is essential that the sub- 
stituted maIonic ester be thoroughly dried over phosphorus pentoxide before use. At 
the end of this period the tube was opened and the contents were evaporated to near 
dryness and then dissolved in 80 cc. of water. The solution was extracted twice with 
ether to recover the unchanged malonic ester, and then very carefully treated with 
dilute acetic acid. At first considerable tar separated which was immediately 
removed; a fine crystalline material gradually separated from the filtrate on standing 
overnight. This material was treated with norite and recrystallized from dilute alcohol, 
giving snowwhite crystals of indefinite melting point The material decomposed 
around 290". and no true melting point was obtained. 

Anal. Calcd. for ClrHle03N4: N, 21.21. Found: N, 21.72. 
4(or 5)-Imidazolemethyl-isoamylmalonic Ester.-The reaction was carried out 

in a similar fashion to that for the preparation of the corresponding butyl compound. 
I t  differed, however, in the following details. The chloride in 120 cc. of alcohol was 
added over a period of two hours and the temperature during the addition was 95" 
The materials were refluxed for one-half hour after the addition. The mixture was 
worked up as was the n-butyImethylimidazole malonic ester, the yield being 52.3%. 

5-Isoamyl-5-[4(or 5)-imidazolemethyl]-barbituric Acid.-The condensation with 
urea was essentially the same as that described for the preparation of the n-butyl de- 
rivative. The tube was heated for ten hours, and the product obtained in the manner 
outlined above. Like the lower homolog, the material showed no tendency to melt but 
decomposed with considerable charring. 

Anal. Calcd. for CI3H18o3N4: N, 20.15. Found: N, 20.32. 

An attempt to prepare the corresponding ally1 compound met with little success. 

Summary 
The synthesis of substituted barbituric acid derivatives in which one of 

the groups in the 5-position is a methylimidazole residue is described. 



Some Reactions of Tetra-para-tolyltin 
BY R. W. BOST AND H. R. BAKER 

The reactions of tetraphenyltin have been reported by Bost and Borg- 
strom.' Smith and Kipping2 have studied the reaction of tetra-p-tolyltin 
with two moles of bromine, whereupon ditolylstannic dibromide was ob- 
tained. 

This work was undertaken to determine whether tetra-p-tolyltin could 
be used to prepare para substitution products of toluene free from the ortho 
isomers and also whether the side chain entered into any of these reactions. 
The formation of pure p-nitrotoluene is noteworthy in this connection. 
Since the substitution of a methyl group in the benzene ring enhances the 
activity of the ring, tetra-p-tolyltin should be very reactive toward enter- 
ing substituents. Its action with iodine bears out this prediction. Tetra- 
phenyltin does not react appreciably under similar conditions. Other re- 
agents also show this difference in reactivity, although less pronounced. 
In  this work tetra-p-tolyltin was studied with the halogens, alkyl halides, 
acyl halides, mineral acids and sulfur. 

The tetra-p-tolyltin was prepared by the action of stannic bromide on 
p-tolylmagnesium bromide in 5201, yields. Pfeiffer3 who first prepared it 
obtained only a 24.8% yield. I t  is a white crystalline sub3tance melting at  
230'. 

Action of Halogens 

Chlorine.-To 9.66 g. of tetra-p-tolyltin in a 250-ml. flask cooled in ice and attached 
to a reflux condenser, was slowly added a cold solution of 5.68 g. of chlorine in 150 ml. of 
chloroform. After refluxing for one hour on a steam-bath, the solvent was removed by 
distillation. The residue was transferred to a small flask and distilled. An 85% yield 
of p-chlorotoluene was obtained, b. p. 162-163". m. p. 7". No isomeric products were 
obtained. The reaction was repeated a t  room temperature and also in boiling carbon 
tetrachloride. In all cases only p-chiorotoluene was obtained. 

Bromine.-The above experiment was repeated using 9.66 g. of tetra-p-tolyltin 
and adding 12.78 g. of bromine dropwise. Much heat was evolved with the formation of 
a colorless liquid, After gently refluxing for an hour a 90% yield of @-bromotoluene 
was obtained upon distillation, b. p. 184185". m. p. 28". No isomers were obtained. 

Iodine,--To 9.66 g. of tetra-p-tolyltin in a 500-ml. flask was added slowly a cold solu- 
tion of 20.3 g. of iodine in carbon tetrachloride. The iodine solution was decolorized as 
fast as added until about one-half had been added. After refluxing for an hour, the sol- 
vent was removed and finally the p-iodotoluene; yield 81%. b. p. 210-211 '. m. p. 35'. 
No isomers were obtained. 

Action of Alkyl Halides 

Tetra-p-tolyltin in 0.02-mole portions was heated under reflux for thirty-six hours 

(1) Bost and Borgstrom, THIS JOURNAL, 61, 1922 (1929). 
(2) Smith and Kipping, J. Chem. Soc., 103, 2049 (1913). 
(3) Pfeiffer, Z. anorg. Chem., 68, 104 (1910). 
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with a slight excess of ethyl and isopropyl bromides, respectively. No reaction occurred 
and the products were recovered unchanged. 

Tert-butyl Bromide.--9.66 g. of tetra-p-tolyltin was refluxed for eighteen hours 
with 10.96 g. of tert-butyl bromide. The products of reaction consisted of some unused 
tetra-p-tolyltin, hydrogrn bromide, isobutylene, traces of toluene and some unused 
halide. 

Action of Acyl Halides 

Acetyl Chloride.-9.66 g. of tetra-p-tolyltin was rduxed on a steam-bath with 6.28 
g. of acetyl chloride for twenty-four hours. A reaction occurred but no definite sub- 
stance could be identified. No methyl tolyl ketone was obtained. 

Benzoyl Chloride.-S.66 g. of tetra-p-toly!tin and 11.24 g. of benzoyl chloride were 
refluxed for six hours on a steam-bath. The cold product was extracted with dilute 
sodium hydroxide to remove any benzoic acid. The mass was extracted with ether, 
which yielded a tarry residue upon evaporation. When the residue was recrystallized 
from petroleum ether, a 5y0 yield of p-tolyl phenyl ketone was obtained, m. p. 59 ". 

Benzene Sulfonyl Chloride.-9.66 g. of tetra-p-tolyltin and 7.5 g. of benzene sd- 
lonyl chloride were heated in a sealed tube a t  200' for five hours. The product was ex- 
tracted with benzene, which yielded a dark residue. The latter was recrystallized from 
acetone. An 84.370 yield of p-tolyl phenyl sulfone was obtained, m. p. 124". No 
definite product could be isolated when the reaction was carried out under reflux for 
twenty-four hours. 

Action of Acids 

Nitric Acid.-To 9.66 g. of tetra-p-tolyltin in a flask surrounded by ice and attached 
to a reflux condenser was added dropwise 5 ml. of concentrated nitric acid. A violent 
action soon occurred, evolving much heat. After the reaction had subsided, the mixture 
was heated on a steam-bath for thirty minutes, the product washed with water, and ex- 
tracted with hot alcohol. The residue from the alcohol extract was recrystallized from 
dilute alcohol. Long pale yellow needles of p-nitrotoluene separated, yield 850/0, m. p. 
55". No ortho isomer was found in the reaction. 

Sulfuric Acid.-The above experiment was repeated using concentrated sulfuric acid 
instead of nitric acid. A vigorous reaction occurred. The mixture was heated on a 
steam-bath for one hour and distilled. A 94% yield of toluene was obtained, b. p. 
110-111 O .  A similar yield was obtained a t  room temperature. 

Action of Sulfur 

p-Ditolyl Disulfide.-9.66 g. of tetra-p-tolyltin and 1.92 g. of sulfur (three equiva- 
lents were heated at  170' in a sealed tube for ten hours. The reaction product was ex- 
tracted with ether. A light brown oil was obtained which gave a 45% yield of p-ditolyl 
disulfide upon distillation, b. p. 298-300°, m. p. 445". 

3,7-Dimethy1thianthrene.-The reaction was repeated using five equivalents of 
sulfur and heating the tube a t  190' for eight hours. The extract gave a product which 
upon purification gave an 80% yield of 3.7-dimethylthianthrene, m. p. 123". 

Summary 
Tetra-p-tolyltin reacts with halogens to form the corresponding aryl 

halides, with nitric and sulfuric acids to form 9-nitrotoluene and toluene, 
respectively, and with sulfur under different conditions to form p-ditolyl 
disulfide and 3,7-dimethylthianthrene. No isomers were obtained with the 
halogens or nitric acid. Reactions of acyl and alkyl halides are less marked. 



The C,-Saccharinic Acids. VI. Further Attempts to Prepare 
2,2'-Dihydroxyisobutyric Acid. 2,3-Dihydroxybutyric Acid 

Lactone from Glycidol. The Preparation of the Two 
Iodohydrins of Glycerol1 

In previous work in this Laboratory2 it  was found that 2,2'-dihydroxy- 
isobutyric acid could not be prepared by the treatment of @-glycerol chloro- 
hydrin with sodium cyanide followed by hydrolysis of the nitrile thus ob- 
tained. Pure @-glycerol chlorohydrin gave the same product as did pure 
a-glycerol chlorohydrin, namely, 2,3-dihydroxybuty~ic acid lactone (here- 
after called, for the sake of brevity, "2,3-acid lactone"). In explanation of 
this fact it was suggested that both chlorohydlns under the experimental 
conditions used yielded glycidol, which then added hydrogen cyanide to 
form the nitrile of the 2,3-acid almost exclusively. This paper reports the 
results of a study which was undertaken partly to test this hypothesis. 

The reaction of glycidol with hydrogen cyanide was carried out under 
various conditions; in each experiment, with one exception, the only prod- 
uct that was isolated and identified was the 2,3-acid lactone, in a yield 
varying from 25 to 50%. The one exception was an experiment with ben- 
zene as the solvent in which the chief product of the reaction was 3-hydroxy- 
isocrotonic acid l a~ tone .~  Other products of the reaction consisted of dark- 
colored tars, probably polymers of glycidol, and of acids of high molecular 
weight. The results of the study thus confirm the hypothesis that the 
mechanism of the reaction of the monochlorohydrins of glycerol with sodium 
cyanide is as follows : 

HOCHzCHOHCHzCl NaOH 
or ? /O\ HCN ----+ HOCHzCHCH2 + HOCHzCHOHCH2CN 

HOCH2CHCICH2OH 

On the basis of this theory, i t  is the alkali resulting from the hydrolysis 
of the cyanide which causes the formation of the glycidol. In the further 
attempt to prepare 2,2'-dihydroxyisobutyric acid from P-chlorohydrin, 
the presence of alkali was avoided by the use of cuprous cyanide4 and of 
mercuric ~yanide.~ With the former, a small amount of acid of high 
molecular weight was obtained, while with the latter only tars and resins 
resulted. 

(1) This article is constructed from a dissertation presented by Rosalind Klaas in partial ful- 
filment of the requirements for the degree of Doctor of Philosophv in the University of Chicago. 

(2) Glattfeld, Leavell, Spieth and Hutton, THIS JOURNAL, 63, 3164 (1931). 
(3) I t  is interesting to note that 3-hydroxyisocrotonic acid lactone is also formed in the preparation 

of the 2'3-acid from glycerol chlorohydrin and sodium cyanide in water or alcohol solution.2 The 
exact source of this by-product has not yet been ascertained, but in view of the data in the experiment 
mentioned above, i t  must be formed a t  some time after the glycidol is generated from the chlorohydrin. 

(4) Tschelinzeff and Schmidt, Ber , 62, 2211 (1929). 
(5) Guillemard. Ann chzm. phys., 181 14, 383 (1908); Bull. sac. chim., [4] 1, 532 (1907). 
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The diacetyl and dibenzoyl derivatives of 8-glyceroi chiorohydrin6 were 
also used in the attempt to prepare 2,2'-dihydroxyisobutyric acid, inas- 
much as these cannot readily form oxygen ring compounds. It was shown, 
however, that they are rather inactive substances, for they failed to  react 
with magnesium with ether as the solvent. Even metallic sodium did not 
remove the chlorine atom from the dibenzoyl compound dissolved in ben- 
zene when the mixture was heated for fifteen hours. The diacetyl deriva- 
tive, on the other hand, was decomposed by sodium. However, the reac- 
tion in which the diacetyl compound was treated with ethyl chloroformate 
and 4y0 sodium amalgam,? with subsequent hyclrolysis of the product 
formed, failed to yield any acid which could be identified as 2,2'-dihydroxy- 
isobutyric acid. 

A few experiments on the oxidation of pentaerythritol were next carried 
out. Justs was able to obtain isobutyric acid from 2,2-dimethylpropane- 
diol (1,3), according to the equation 

KMnO' Heat 
(CH8),C(CHzOH)a -------t (CHs),C(COOH)z -+ (C6)zCHCOOH + CO* 

It was hoped that under suitable conditions an analogous reaction would 
take place with pentaerythritol which would yield 2,2'-dihydroxyiso- 
butyric acid. Dilute solutions of potassium permanganate and of barium 
permanganate were employed as oxidizing agents in neutral and in acid 
media. The reaction was in each case vigorous, even a t  5 O ,  but the chief 
product of the oxidation appeared to be carbon dioxide. These experi- 
ments with pentaerythritol are only preliminary, and it is planned to study 
this reaction further. 

Since it was thought that @-glycerol iodohydrin might prove a possible 
source material for the acid desired, its synthesis was effected. The a- 

(6) These compounds were prepared in this Laboratory by G. W. Schimpff (S M. Dissertation, 
University of Chicago, 1930). The diacetyl compound was obtained by refluxing 1 mole of pure 8- 
glycerol chlorohydrin ( K n  = 0.92. See Smith, 2. physik. Chem., 92, 717-740 (1918); 94, 691-738 
(1920)) with 4 moles of acetic anhydride for eight hours, removing the acetic acid and excess anhydride 
by distillation a t  atmospheric pressure, and boiling the residue for four hours with 2 moles of acetic 
anhydride. After the removal of acetic acid and excess anhydride as before, the residue was heated 
with water in order to remove unchanged 8-glycerol chlorohydrin. The aquedus layer was discarded 
and the residue fractionated. A fraction which boiled a t  107-109° a t  5-6 mm. with oil-bath a t  132- 
134O was redistilled; it gave a product which boiled a t  101-102° at  4 mm. with oil-bath a t  114-116°; 
yield Sly0. 

Anal. Subs., 0.2528, 0.2528: 12.92 cc., 13.00 cc. of 0.0991 N AgNOt. Calcd. for CIHIIOICI: C1, 
18.23 Found: C1, 17.96, 18.07. 

The dibenzoyl derivative was prepared by mixing at  O 0  a solution of 1 mole of pure @-glycerol 
chlorohydrin in 2.5 moles of pyridine with a solution of 2 moles of benzoyl chloride in 6 moles of chloro- 
form. After the mixture had been allowed to stand at room temperature for twenty-four hours, i t  
was shaken with 3 volumes of a mixture of equal volumes of water and ether. The ether extract was 
washed successively with dilute sulfuric acid, sodium bicarbonate solution, and water, and then dried 
over anhydrous sodium sulfate. After the removal of the ether, the residue was fractionated. The 
fraction which distilled a t  212-224O a t  4 mm. was redistilled; it gave a product which boiled a t  210- 
211° at  1.5 mm.; yield 39%. 

Anal. Subs., 0.2868, 0.2907: 9.40 cc., 9.50 cc. of 0.0991 N AgNOz. Calcd. for cz,H~rO&l: 
Cl, 11.13. Found: C1, 11.51, 11.48. 

(7) Wiirtz, Comfit. rend., 68, 1298 (1869). Cf.  Calvery, TaIs JOURNAL, 48, 1009 (1926). 
(8) Just, Monatsh., 17, 76 (1896). 



glycerol iodohydrins has been known for some time, but the 8-iodo deriva- 
tive is new to the literature. Since the methods of preparation used by 
previous workers were long and tedious, a new procedure was developed 
for the preparation of the alpha compound. The same procedure was 
then adapted to the preparation of the beta compound. The details are 
given below. 

This paper also reports some work on the reaction of @-iodohydrin with 
sodium cyanide. The experiments carried out gave rise only to the 2,3-acid 
and to  sirupy materials that were not identified. Thus a t  the present 
time the results indicate that @-glycerol iodohydrin, like the 8-chloro- 
hydrin, gives the straight chain nitrile after reaction with alkali cyanides. 

A method for the preparation of the 2,2'-dihydroxyisobutyric acid is 
still being sought in this Laboratory. 

Experimental Part 
Glycidol and Gaseous Hydrogen Cyanide.-Glycidol (boiling point 42-43' a t  1.5 

mm. with bath a t  70') was prepared from glycerol monochlorohydrin according to the 
method of Rider and Hill.lo Anhydrous gaseous hydrogen cyanide was bubbled 
through 10 g. of glycidol until the gain in weight was 4.5 g. (3.7 g. calcd.). The solution 
was heated in a pressure bottle a t  60-70 ' for twelve hours. After the excess hydrogen 
cyanide had been removed a t  reduced pressure, the sirup was dissolved in 100 cc. of 
water, and to the solution 21 g. of hydrated barium hydroxide was added. The mix- 
ture was heated on a steam-bath for thirty hours under a r d u x  condenser while a stream 
of nitrogen was bubbled through. After the removal of all but a trace of the barium ion 
by means of sulfuric acid and of the water by distillation a t  reduced pressure, there re- 
mained 13.7 g. of a very dark sirup. This was extracted repeatedly with small portions 
of boiling absolute ethanol in which the tarry material present was insoluble. After the 
removal of the alcohol a t  reduced pressure, the residue (weight 9.1 g.)  was distilled a t  
4 mm. The first drop of distillate came a t  128' with the bath a t  172', but practically 
all of the distillate (weight 3.5 g.) came a t  140-146' with the bath a t  185". This boiling 
range and the phenylhydrazide (m. p. 109") prepared from the acid, identified this ma- 
terial as 2,3-dihydroxybutyric acid lactone; yield, 25%. 

Glycidol and a Benzene Solution of Hydrogen Cyanide.-To a solution of 5 g. of 
liquid hydrogen cyanide and 5 g. of glycidol in 13.5 g. of benzene, there were added a few 
crystals of potassiuin cyanide moistened with a drop of water. The mixture was al- 
lowed to  stand for six days a t  room temperature. At the end of that time two layers 
had formed. The upper benzene layer was decanted and gentle suction was applied 
to the residue to remove all volatile constituents. The brown viscous sirup which re- 
mained was dissolved in 60 cc. of water, and 6 g. of anhydrous barium hydroxide added. 
The mixture was heated on the steam-bath under a reflux condenser in a stream of nitro- 
gen until no more ammonia was evolved (forty-two hours). After the removal of the 
barium ion and of the water, the sirup was distilled a t  2 mm. The distillate, which came 
over between 50 and 110' with the bath a t  160-180°, weighed 2.7 g, Upon redistillation, 
1.5 g. of a colorless liquid was obtained, which crystallized when chilled in a carbon 
dioxideacetone mixture and melted a t  2' After redistillation the boiling point was 
71' a t  2.5 mm. with the bath a t  125' and the melting point 5". These are the con- 

(9) (a) Rebout, Jahresb. Forlschritte Chem. ,  459 (1860); (b) Ltiders, German patent 291.541, 
291.922 (1914); cf. Schweiz. Apoth.-Zfg., 63, 613 (1915); (c) Fischer and Pfnhler, Ber., 63, 1606 (1920). 

(10) Rider and Hill, Tars JOURNAL, 62, 1521 (1930). 
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stants for 3-hydroxyisoaotonic acid lactone, which is thus shown to be the main product 
of the reaction under the conditions chosen for this experiment. 

Glycidol and an Aqueous Solution of Hydrogen Cyanide.-A 500-cc. three-necked 
flask, fitted with a reflux condenser, a dropping funnel, and a mercury-sealed mechanical 
stirrer, was used in this experiment. A few crystals of potassium cyanide were added 
to a solution of 14.5 g. of liquid hydrogen cyanide in 30 cc. of water. The solution was 
warmed on the steam-bath to such a temperature that liquid dropped from the end of the 
condenser at  the rate of thirty drops per minute. Twenty grams of glycidol was added 
with stirring during the course of two and a half hours. The heating and stirring of the 
solution were continued for three hours longer. After the removal of the excess hydro- 
gen cyanide and part of the water by reduced pressure distillation, the residue was dis- 
solved in 200 cc. of water, and 24 g. of anhydrous barium hydroxide added. The mix- 
ture was heated for thirty-six hours on the steam-bath under a reilux condenser in a 
stream of nitrogen. After the removal of the barium ion and of the water in the usual 
manner, there remained 28 g. of viscous brown sirup. This was combined with 14.5 g. 
of sirup similarly prepared from 10 g. of glycidol. The combined material was distilled 
a t  3 mm. A 3-g. fraction was collected from 78 to 130°, and 24.1 g. from 130 to 154O. 
The residue was a dark glass-like substance, almost insoluble in water. Titration indi- 
cated that the larger fraction was 2.3-acid lactone, since it titrated 4.8% free acid and 
85.9% 1actone.ll The yield of 2,3-acid Iactone calculated on the basis of this analysis 
was 50%. The lactone was purified by conversion to the barium salt, removal of the 
barium, and distillation of the lactone. A sample titrated correctly for a dihydroxy- 
butyric lactone (subs., 0.2013; calcd. 19.73 cc. of 0.1 NalkaIi; found, 19.20 cc.), and it 
gave a phenylhydrazide which melted a t  log0. 

Preparation of or-Glycerol 1odohydrin.-This compound was prepared by ~ i i d e r s ' ~  
by shaking a-glycerol chlorohydrin with excess sodium iodide for many days. Fischer 
and pfah1erS" prepared it from isopropylidene-a-chlorohydrin by dissolving this com- 
pound in alcohol and heating it with sodium iodide in a sealed tube a t  100' for three 
days. The method used in the present study was developed from the work done by 
Conant and Kirnerl2 on the rate of transformation of chlorides into iodides. 

A mixture which consisted of 23 g. of crude (i. e.. containing some j3-) a-glycerol 
chlorohydrin (prepared from glycerol and hydrochloric acid), 35 g. of sodium iodide, and 
200 cc. of acetone was introduced into each of two citrate of magnesia bottles and heated 
in steam for four hours. The sodium iodide used was dried in an  oven a t  110' for two 
hours and cooled in a desiccator. The acetone was boiled with lime and potassium 
permanganate for several days and then distilled through a 61-cm. fractionating column. 
The fraction which boiled at  56-56.5' was collected in a receiver carefully protected from 
moisture. The sodium chloride was removed from the cooled reaction mixture by suc- 
tion filtration and washed with acetone until white (wt. 18.5 g., 75%). After the re- 
moval of the acetone a t  reduced pressure a t  40°, the sirup was extracted with ether 
(which had been dried over anhydrous sodium sulfate) until the excess sodium iodide was 
white and powdery. The ether extrdcts were decanted, combined, washed with suffi- 
cient concentrated sodium thiosulfate solution to remove the iodine, and dried over an- 
hydrous sodium sulfate. After the removal of the ether the residue was distilled. A 
large fraction (isopropylidene-a-iodohydrin, wt. 36 g., yield 37%) came a t  75-78O a t  
5-6 mm. with the bath a t  100-105 O; and a 4-g. fraction was collected while the tempera- 
ture of the bath was raised to 14g0, with the temperature of the vapor rising rather 
rapidly to 115'. Distillation was then stopped, because the flask became filled with 
iodine vapors. The dark residue (wt. 28 g.), when seeded with a crystal of a-glycerol 
iodohydrin, set to a mass of crystals. The crystals were pressed between filter papers to 

(11) Glattfeld and Miller, THIS JOURNAL, 42,2317 (1920). 
(12) Conant and Kirner, ibid. ,  46, 232 (1924). 



remove adhering oils, dissolved in warm chloroform and precipitated with high boiling 
ligroin; weight 12.5 g., glistening, scale-like crystals, m. p. 47-47.5". yield 15%. These 
retained a cream tint even after several recrystallizations. 

Pure white crystals were obtained, however, by the hydrolysis of isopropylidene- 
a-iodohydrin (36 g. fraction above). Into a mixture of this compound (which had been 
washed with sodium thiosulfate solution and water) with three times its weight of water 
there was introduced a drop of 5 N hydrochloric acid. The mixture was heated with 
vigorous shaking under a reflux condenser until the globules of oil disappeared. The 
cold solution was extracted with ether, and the extract dried over anhydrous potassium 
carbonate. After the evaporation of the ether, the clear viscous sirup set to a solid mass 
of crystals. In one experiment 28 g. was obtained from 65 g. of isopropylidene-a- 
iodohydrin. After two recrystallizations from a chloroform-ligroin mixture, the crys- 
tals melted at 4848.5". 

Anal. Subs., 0.1097, 0.1254: 5.49 cc., 6.29 cc. of 0.09973 N AgNOs. Calcd, for 
CsH7021: I, 62.85. Found: I, 63.34, 63.48. This product was identical with that ob- 
tained under similar conditions from a sample of pure a-glycerol chlorohydrin (K60 = 
9.5). 

Preparation of @-Glycerol 1odohydrin.-Freshly distilled pure @-glycerol chloro- 
hydrin ( K ~ o  = 0.605, O/o C1 = 31.46) was used as the starting material. The procedure 
described above was used except that the time of heating was prolonged to twelve 
hours. The weight of sodium chloride that separated was 60% of the theoretical. 
After the removal of the ether, the residue was fractionated a t  2 mm. in order to remove 
unchanged 6-chlorohydrin. The distillation was discontinued when a temperature of 
108" was reached, with the bath at  135". Even though a stream of dry nitrogen was 
conducted through the apparatus during the distillation, the decomposition was marked. 
The drop of clear liquid adhering to the thermometer a t  the end of the distillation was 
transferred to a watch crystal and stirred. It quickly set to a mass of crystals. These 
were used to inoculate the dark viscous residue, which almost immediately became a 
thick crystalline mass. This was pressed on sheets of filter paper to remove the ad- 
hering dark oil; 15 g. of cream colored crystals was obtained from 45 g. of @-chlorohy- 
drin, yield 18%. These were dissolved in warm chloroform, and after the solution had 
cooled to 10". 11 g. of fine, white needles was obtained; m. p. 52-53'; soluble in water, 
ethanol, chloroform, acetone, ether; insoluble in ligroin. When a few of the crystals 
were mixed with crystals of pure a-glycerol iodohydrin, the mixture turned a t  once to a 
soft paste. When small amounts of each type of crystals were introduced separately 
into a melting point tube and mixed by vibrating the tube with a file, the mixture melted 
from 32 to 45'. 

Anal. Subs., 0.1216, 0.0552: 6.13 cc., 2.77 cc. of 0.09973 N AgNOa. Calcd. for 
C8H70,1: I, 62.85. Found: I, 63.80,63.51. 

Reaction of &Iodohydrin with Sodium Cyanide.-Five grams of 6-glycerol iodo- 
hydrin and 1.21 g. of sodium cyanide were dissolved in a mixture of 25 cc. of 95% 
ethanol and 4 cc. of water. The solution was heated under a reflux condenser for two 
hours. It was then acidified with 0.1 N nitric acid, and a solution of 4.21 g. of silver 
nitrate in 50 cc. of water was slowly added. The purpose of this procedure was to re- 
place the sodium iodide by sodium nitrate, which is far less soluble in ethanol than is 
sodium iodide. The silver iodide was removed by filtration. The water was removed 
in zracuo, and the residue extracted with ethanol. After the removal of the ethanol, 
the residue was dissolved in 50 cc. of water, and 2.1 g. of anhydrous barium hydroxide 
added. The mixture was heated on a steam-bath for eighteen hours under a reflux 
condenser in a stream of nitrogen. After the removal of all but a trace of the barium 
ion and of the water, there remained a viscous sirup, from which a phenylhydrazide 
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which melted at 107.5-108.5' was prepared. When some of this material was mixed 
with crystals of the phenylhydrazide of 2.3-dihydroxybutyric acid (m. p. 109'). no de- 
pression in melting point was observed. It thus appears that 2,3-dihydroxybutyric 
acid had been formed in the reaction of the @-iodohydrin with sodium cyanide. 

Summary 
1. The addition of hydrogen cyanide to glycidol followed by hydrolysis 

of the addition product resulted in a 25-50% yield of 2,3-dihydroxybutyric 
acid lactone. Under certain conditions, 3-hydroxyisocrotonic acid lactone 
was formed. 

2 .  Further attempts were made to prepare 2,2'-dihydroxyisobutyric 
acid from (a) IS-glycerol chlorohydrin and heavy metal cyanides; (b) 
P-glycerol chlorohydrin diacetate, ethyl chloroformate and sodium amal- 
gam; and (e) pentaerythritol by oxidation with barium or potassium per- 
manganate. These attempts were unsuccessful. 

3. a-Glycerol iodohydrin was prepared by a new procedure. 
4. @-Glycerol iodohydrin was prepared and its melting point deter- 

mined. The reaction of this compound with sodium cyanide in ethanol 
gave 2,3-dihydroxybutyric acid. 

CHICAGO, ILLINOIS RECEIVED AUGUST 26,1932 
PUBLISHED MARCH 7. 1933 

The Dehydration of 2,2-Dimethylhexanol- 1 and Related 
Tertiary Alcohols1 

An alcohol of the type, R~CCHZOH, can be dehydrated only with re- 
arrangement. The purely aliphatic alcohols of this type which have been 
studied are tertiary-butylcarbin01,~ tertiary-amylcarbino14 and 2-methyl- 
2-ethylbutanol-lm4 In the present study a related alcohol with two methyl 
groups and a n-butyl group attached to the neo carbon has been dehy- 
drated. This substance presented another opportunity to study the 
relative ease of migration of butyl and methyl groups. Meerwein5 found 
that the butyl group migrated to a greater extent in the glycol containing 
two methyl and two butyl groups. A similar observation has been made 
by Kruegers in the case of two pinacolyl alcohols each containing two 
methyl and two butyl groups. In the present case in which there were two 

(1) See Whitmore, Tnrs JOURNAL, 64, 3274 (1932). 
(2) Submitted in partial fulfilment of the requirements for the Ph.D. degree. 
(3) Cf. Whitmore and Rothrock, THIS JOURNAL, 54, 3431 (1932). 
(4) Favorsky, J. Russ. Phys.-Chem. Soc., SO, 43-80 (1918); Chem. Zentr., 111,666 (1923); Favorsky 

and Zalessky-Kihardine, Bull. soc. chim., 141 37, 1227 (1925). The dehydration products of this 
alcohol are being studied exhaustively by C .  W. Nash in this Laboratory. 

(5) Meerwein, Ann., 419, 121 (1919). 
(6) Whitmore and Krueger, unpublished results. 



methyls and one butyl, the rearrangement of the butyl still predominated 
about 2:l. The dehydration of 2,2-dimethylhexanol-1 gave four of the 
five olefins which would be predicted.' Ozonolysis products of these 
olefins corresponding to 95% yields were isolated and identified. 

The possible courses of the dehydration may be indicated as follows7 

(CH~)~(CIHB)CCHZOH * (CHB)Z(C~H~I)CCHZ + (1) 
(1) By shift of butyl + (CHa)&+CH&4Hg (2) 
(1) By shift of methyl -+ (CHa)(CdH9)C+CHzCHs (3) 
(2) By loss of proton from amyl--+ (CHa)zC=CHCdHs (4) 
(2) By loss of proton from methyl -+- CHZ=C(CH~)(C~HI~) (5 )  
(3) By loss of proton from butyl CsH7CH=C(CHs)(C2Hs) (6) 
(3) By loss of proton from ethyl ---+ (CH~)(C~HS)C=CHCH~ (7) 
(3) By loss of proton from methyl -+ CHZ=C(CZH~)(C~HB) (8) 

The olefins (4)) (5), (6) and (7) were formed as indicated by their ozonoly- 
sis products as follows 

(4) Acetone and n-valeraldehyde 
(5) Methyl n-amyl ketone and formaldehyde 
(6) Methyl ethyl ketone and n-butyraldehyde 
(7) Methyl n-butyl ketone and acetaldehyde 

No evidence of ethyl n-butyl ketone could be found. This indicated the 
absence of (8) among the dehydration products. Olefins (4) and (5) ap- 
peared in the ratio 12:1, indicating a predominant loss of hydrogen from 
the newly formed amyl group as compared with the two methyl groups. 
In  the case of (7) and (6) the ratio was 2 :1 in favor of the loss of hydrogen 
from the newly formed ethyl group as compared with the butyl group. 
Since the first of these ratios was much higher than similar ratios obtained 
in dehydrating various alcohols containing methyl and amyl g r o ~ p s , ~  
i t  was decided to dehydrate the tertiary alcohols corresponding to frag- 
ments (2) and (3), namely, dimethyl-n-amylcarbinol and methylethyl-n- 
butylcarbinol. The first of these gave olefins (4) and (5) in the ratio 1.4:l 
and the second gave olefins (7) and (6) in the ratio 1.6:l and also a 6% 
yield of olefin (8) as indicated by the amount of formaldehyde and ethyl 
n-butyl ketone obtained from the ozonolysis products. The difference 
between the values of 12:l and 1.4 :1 for the ratios of olefins (4) and (5) 
formed by dehydration &th rearrangement of the primary alcohol by 
means of a small amount of coucd. sulfuric acid and by dehydration of 
the tertiary alcohols by means of a small amount of 50% sulfuric acid is 
being studied further. 

Experimental 
Preparation of Dimethyl-n-butylcarbinol, its Chloride, and the Corresponding 

Grignard Reagent.-The carbinol, b. p. 139-142" (740 mm.). 59-61" (25 mm.), n 2  

(7) The hydroxyl is assumed to be removed with its octet leaving the carbon indicated by a + with 
only a sextet of electrons. By shifts of electron pairs from the adjacent carbon atoms fragments (2) 
and (3) are obtained.' 

(8) Whitmore and Williams, THIS JOURNAL, 66, 406 (1933). 



1.4176, was prepared in 8-mole lots from n-butyl Grignard reagent and acetone in 60% 
yields based on the n-butyl bromide used.9 The tertiary chloride was prepared by hy- 
drochloric acid in the usual way,O b. p. 70-72' (90 mm.), 3436" (15 mm.), 72'2 1.4205. 

Dimethyl-n-butylcarbinylmagnesium chloride was prepared in 6-mole lots in 50- 
GOY0 yields.lO The details of a typical run follow. A 3-liter flask containing 140 g. of 
fresh magnesium turnings and a crystal of iodine was heated over a free flame to  vaporize 
the iodine. The flask was stoppered and cooled and then fitted with a reflux condenser, 
an efficient stirrer and a dropping funnel. Addition of 5 cc. of the pure tertiary chloride 
and 1 cc. of la-butyl bromide started a vigorous reaction. This was maintained by suit- 
able additions of portions of a mixture of 403 g. (3 moles) of the chloride with 500 cc. of 
dry ether and of a 300-cc. quantity of the same ether. The addition of the c4doride solu- 
tion was mainly a t  the rate of one drop per second. Vigorous stirring was used through- 
out the reaction. Then 300 cc. of dry ether was added and finally a more dilute solution 
of the chloride (403 g. and 1000 cc. of dry ether) was slowly added. The total time of 
addition of the chloride was sixty-eight hours. The mixture was then stirred for eight 
hours more, allowed to settle and an aliquot part was titrated with standard acid. Even 
with the care indicated, nearly half of the tertiary chloride was converted to  heptylenes. 

Preparation of 2,2-Dimethylhexanol-l.-Several runs of dimethyl-n-butylcarbinyl- 
magnesium chloride with fornialdehyde, ranging from 0.8 to 3.2 moles, gave yields of 
the desired alcohol of 41-63y0. A typical run follows. During five hours the formal- 
dehyde obtained by heating 100 g. (3.3 moles CH20) of paraformaldehyde at 165-170' 
was carried by a slow stream of dry nitrogen over the surface of a rapidly stirred solu- 
tion of 3.2 moles of the Grignard reagent in 2100 cc. of ether. The reaction mixture 
was then stirred and gently refluxed for eight hours. It was decomposed with ice and 
ammonium chloride in the usual way. The ether layer and extracts were dried with an- 
hydrous sodium sulfate and potassium carbonate overnight, filtered and distilled. 
After removal of the ether the residue was twice fractionated with a high reflux ratio 
through a 90 X 2 cm. insulated packed partial condensation column.11 The final 
fractions obtained were as follows. 

B. p., OC. 

36-88 
88-90 
90-140 
5460 
60-80 
80-82 
68-90 
Residue 

Mm. 

731 
73 1 
731 
14 
14 
14 

2 

5 
1.3725 
1.3940 Heptylenes 
1.4100 
1.4195 Unchanged chloride 
1.4263 
1.4304 2,2-Dimethylhexanol-1 
1.4428 
1.4609 Brown viscous oil 

Dehydration of 2,2-Dimethylhexanol-1.-Heating the alcohol with 4% of its weight 
of concd. sulfuric acid for two hours gave only 5% dehydration. Several variations of 
this experiment and the use of $-toluene sulfonic acid also failed to give satisfactory re- 
sults. Finally a mixture of the alcohol with 6% of its weight of concd. sulfuric acid and 
4% of +toluene sulfonic acid, heated for six hours with constant removal by distillation 
of the products, gave a 70% dehydration with a 63% yield of octylenes. A similar 
yield was obtained by using 8% by weight of concd. sulfuric acid but slightly more 
charring took place than when the sulfonic acid was also used. A typical experiment 
follows. A mixture of 52 g. (0.4 mole) of 2'2-dimethylhexanol-1 and 2.5 cc. of concd. 
sulfuric acid (sp. gr. 1.84) was added dropwise to a heated 50-cc. Claisen flask with an 

(9) For details see Whitmore and Woodburn, THIS JOURNAL, 55, 361 (1933). 
(10) Cf. Whitmore and Badertscher, unpublished results. 
(11) Whitmore and Lux, ibid., 54, 3451-3 (1932). 
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air-jacketed indented side-arm. 30 X 1 cm. The heat was regulated to allow olefins 
and water to distil over at  about 120 " as rapidly as they were formed. In  one hundred 
minutes, 57 cc. of oil and 8 cc. of water had distilled. At the end of the process, sulfur 
dioxide became noticeable and some charred material remained in the flask. The oil 
layer was washed with water and with dilute sodium bicarbonate solution and drizd with 
anhydrous sodium sulfate. Fractionation through a 70 X 1 cm. indented adiabatic 
total condensation column using a high reflux ratio" gave the following fractions (735 
mm.). 

B. p.. OC. G. tg 

1 110-118 0.8 1.4153 Two layers 
2 118-120 2.5 1.4167 
3 120-122 28.3 1.4188 Octylenes 
4 122-165 2.8 1.4236 
5 165-170 5.8 1.4296 Unchanged alcohol 
6 Residue 2.4 Brown viscous oil 

Ozonolysis of Heptylenes from Dimethyl-n-butylcarbinyl Chloride.'*-This olefin 
mixture, b. p. 88-90' (730 mm.), n v  1.3946, was obtained as a by-product in the prepa- 
ration of the chloride because of its partial decomposition during distillation. Since its 
ozonolysis products probably included both formaldehyde and acetone, it was studied 
before attacking the more complex mixture of olefins obtained by the dehydration of the 
alcohols. 

Ozonized oxygen was passed for fifteen hours a t  the rate of 15 liters per hour through 
a solution of 49 g. (0.5 mole) of the olefin in 300 cc. of 0-35" saturated hydrocarbon13 
kept a t  -10'. Removal of the solvent a t  room temperature under reduced pressure 
left 64 g. of colorless liquid ozonide (87% yield). The ozonide was decomposed with 
zinc and water during about two hours.le During the decomposition, 35 cc. of oil was 
collected. An ether trap a t  0 " was used to remove organic material from the nitrogen 
stream used to sweep the products out of the decomposition mixture. This ether was 
used to extract the water layer of the distillate. The water layer gave qualitative tests 
for formaldehyde with the fuchsin and resorcinol tests and for acetone by the formation 
of iodoform and dibenzylidene acetone (m. p. and mixed m. p. 110"). Titration of the 
water layer with standard base and hydrogen peroxide showed 3.8 g. of formaldehyde and 
titration with standard iodine solution (for both formaldehyde and acetone) showed 
9.0 g. of acetone. The oil layer was fractionated through the 70 X 1 cm. column a t  733 
mm. with a reflux ratio of about 20:l to give seven fractions and a residue of 1.9 g. 
Fractions 1 and 2 had the odors of acetone and butyraldehyde, respectively. Fraction 
3, 2.3 g., b. p. 72-75", n2z 1.3861, gave the 2,4dinitrophenylhydrazone of n-butyralde- 
hyde, m. p. 120°, mixed m. p. 119". Fraction 6,16.5g., b. p. 124-128O, n% 1.3996, gave 
the semicarbazone of methyl n-butyl ketone, m. p. 116", mixed m. p. 114'. The iso- 
lated ozonolysis products represented yields of 2-methylhexene-1 and -2 of 39 and 31%, 
respectively, thus indicating a slightly greater tendency for the loss of hydrogen from the 
two methyl groups than from the one butyl group during the decomposition of the di- 
methyl-n-butylcarbinyl chloride. 

Ozonolysis of the O l e 5 s  from 2,2-Dimethylhexanol-1.-The treatment of 56 g. 
(0.5 mole) of the olefins, b. p. 120-122" (735 mm.), n2i 1.4188, with ozonized oxygen in 
the usual way gave 70.4 g. of a colorless liquid ozonide (88% yield). Decomposition of 
the ozonide gave 38 g. of oil. The reflux condenser a t  25' allowed acetaldehyde to pass 
through into an ether solution from which acetaldehyde-ammonia, 1.6 g., m. p. 90" 

(12) For details of technique see Whitmore and Church, THIS JOURNAL, 54, 3712 (1932). 
(13) Supplied by the Viking Corporation of Charleston. W. Va. 
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was formed. The water layer when titrated with standard alkali and hydrogen peroxide 
and with standard iodine was found to contain 0.45 g. of formaldehyde and 14.6 g. of 
acetone. The water layer also gave a qualitative test for formaldehyde with resorcinol. 
The water layer after the titrations gave 2.6 g. of oil on extraction with ether. Thus 
a total of 56.8 g. of crude products was obtained from the ozonide (89.6% yield). The 
crude oil, after drying over anhydrous sodium sulfate, was fractionated three times 
through the 70 X 1 cm. column a t  739 mm. to give twelve fractions and a residue of 
6 g. Fraction 2, 1.2 g., b. p. 50-60°, n2: 1.3700 gave dibenzylidene acetone, m. p. 
and mixed m. p. l l O O .  Fractions 3 and 4, 5.3 g. b. p. 60-75', n2z 1.379, gave the 2 , 4  
dinitrophenylhydrazone of n-butyraldehyde, m. p. 118 and 119" and mixed m. p. 119 
and 120'. Fraction 5, i.8 g.. b. p. 75-80', n22 i.380, was identifed ivith difficulty as 
impure methyl ethyl ketone. Its 2,4-diiitrophenylhydrazone after many aystalliza- 
tions from absolute alcohol melted a t  98" instead of 113". A mixture with the known 
2,Pdinitrophenylhydrazone of methyl ethyl ketone melted at 103 " while a mixture with 
the n-butyraldehyde derivative melted a t  85". I t  also gave the semicarbazone of 
methyl ethyl ketone which, after many recrystallizations from 50-70" petroleum ether, 
melted a t  130" instead of 138". A mixture with the known derivative melted a t  133". 
Fractions 6 and 7'0.7 g. and 3.2 g., b. p. 80-98" and 9&103", n2$ 1.3841 and 1 3923, gave 
the 2,4-dinitrophenylhydrazone of a-valeraldehyde, m. p. and mixed m. p. 95". Frac- 
tion 9,9.7 g., b. p. 123-128", n22 1.3999, gave the 2,Pdinitrophenylhydrazone of methyl 
n-butyl ketone, m. p. 103 ", mixed m. p. 105", and the semicarbazone, m. p. 116", mixed 
m. p. 114'. Fraction 11, 2.1 g., b. p. 145-150°, n2: 1.406, gave a semicarbazone which 
after many crystallizations melted a t  101'. A mixture with the semicarbazone of 
methyl n-amyl ketone melted a t  103". One with the semicarbazone of ethyl n-butyl 
ketone (m. p. 103 ") melted a t  78O. The mother liquors from the semicarbazone of the 
methyl n-amyl ketone gave no indication of the semicarbazone of ethyl n-butyl ketone 
even after repeated crystallizations. The percentage yields of the carbonyl compounds 
obtained from the ozonide were as follows: formaldehyde, 3.4; acetaldehyde, 5.9; 
acetone, 56.9; butyraldehyde, 11 (estimated); methyl ethyl ketone. 11 (estimated); 
n-valeraldehyde, 10.0; methyl n-butyl ketone, 22.0; methyl n-amyl ketone 4.3. Thus 
the total isolated yield of ketone products was over 90% while that of the aldehydes was 
only 30%. 

The Dehydration Products of Methylethyl-n-butylcarbirlol.-This carbinol, which 
corresponds to the rearrangement of a methyl group in 2,2-dimethylhexanol-1, was pre- 
pared as follows. n-Butylmagnesium bromide (2.66 moles) was prepared from 415 g. 
(3 moles) of n-butyl bromide and 75 g. of magnesium in 1000 cc. of dry ether. To this 
was added during three hours 192 g. (2.66 moles) of redistilled methyl ethyl ketone,14 
b. p. 78-79O (735 mm.), nzi 1.3792. The mixture was decomposed with ice and dilute 
sulfuric acid and worked up in the usual way. The methylethyl-n-butylcarbinol boiling 
a t  158-159" (731 mm.) and having n2: 1.4238 amounted to 290 g. (83% yield based on 
the Grignard reagent). 

The carbinol was readily dehydrated by refluxing under a 80 X 2 ern. column with 
5 CC. of 50% sulfuric acid and removing the water and olefin at the top of the column a t  a 
temperature of 115-125". The product was dried with anhydrous copper sulfate and 
distilled through the same column.11 The product, b. p. 119-120" (735 mm.) and n2$ 
1.4186, weighed 232 g. (93% yield) One mole (112 g ) of the olefin product was ozonized 
in the usual way to give 140 g. of colorless liquid ozonide (87% yield). Decomposition 
of the ozonide in the usual way gave 93 g. of oil, 3.75 g. of acetaldehyde-ammonia, m. p. 
92", and 1.56 g. of formaldehyde, determined iodimetrically. Ether extraction of the 
water layer after removal of the formaldehyde and acetaldehyde gave 6.5 g. of oil. Thus 

(14) Supplied by the Shell Development Co. of Emeryville, Calif., through the courtesy of Dr. 
F,. C. Williams. 
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the total yield of crude products from the ozonide was 82%. Fractionation of the oil 
through the 70 X 1 cm. column a t  732 mm. gave twelve fractions and a residue of 2.1 g. 
Carbonyl compounds were identified in the various fractions in the usual way by m. p 
and mixed m. p. determinations of their 2,4-dinitrophenylhydrazones and their semi- 
carbazones. n-Butyraldehyde was found in fractions 1-3, 14.3 g., b. p. 63-74", n2i 
1.38. Methyl ethyl ketone was found in fractions 4 and 5, 14.2 g., b. p, 75-78", n y  
1.379 Methyl n-butyl ketone was found in fractions 7 and 8, 25.2 g., b. p. 123-128", 
n y  1.400. Smaller amounts were also found in fractions 6 and 9. Ethyl n-butyl 
ketone was identified in fractions 10 and 11, 8.6 g., b. p. 143-14g0, n% 1.408. The 
percentage yields of carbonyl compounds were as follows: formaldehyde, 6.0; acetalde- 
hyde, 7.0; methyl ethyl ketone, 23.0; butyraldehyde, 23.3; methyl 16-butyl ketone, 
38.6; ethyl n-butyl ketone, 4.3. Thus dehydration from the ethyl, butyl and methyl 
group occurred approximately in the ratio 6: 3: 1. 

The Dehydration Products of Dimethyl-n-amylcarbino1.-This carbinol, which 
corresponds to the rearrangement of the butyl group in 2,2-dimethylhexanol-1, was pre- 
pared as follows. Methylmagnesium chloride (2.4 moles) in 500 cc. of dry ether was 
treated with 188 g. (1.3 moles) of ethyl caproate in 800 cc. of dry ether. The crude 
product was distilled through the 80 X 2 cm. column a t  740 mm. A considerable 
amount of olefin collected a t  116-118'. The carbinol boiled a t  155-156", n% 1.4240. 
The carbinol was dehydrated with 5 cc. of 50% sulfuric acid in the same way as its iso- 
mer. The crude olefin was dried over sodium and distilled, b. p. 117-119" (740 mm.), 
nZ: 1.4138, wt 84 g. (55% yield based on the ethyl caproate). The olefin was ozonized 
in a 0.4 mole lot in the usual way to give 57.5 g. of ozonide (89% yield). The detompo- 
sition of the ozonide gave a 90% yield of crude carbonyl compounds including 1.1 g. of 
formaldehyde (determined by the hydrogen peroxide method), 10.1 g. of acetone and 
44.7 g. of oil. The latter was fractionated a t  734 mm. through the 70 X 1 cm. column 
to give seven fractions and a residue of 4.1 g. The carbonyl compounds were identified 
in the usual way. Acetone was found in fraction 1, 2.2 g., b. p. 55-60', n y  1.367; n- 
valeraldehyde in fraction 3, 3.1 g., b. p. 9&103°, na$ 1.392; methyl n-amyl ketone in 
fraction 5, 15.2 g., b. p. 145-150°, n? 1.4085. The percentage yields of carbonyl com- 
pounds were as follows: formaldehyde. 10.1; acetone, 59.1; n-valeraldehyde, 10.1; 
methyl n-amyl ketone, 42.1. Thus the dehydration from the one n-amyl and the 
two methyl groups was about 3: 2. 

Summary 

1. 2,2-Dimethylhexanol-1 has been dehydrated and the accompanying 
rearrangements have been determined by ozonolysis of the resulting olefins. 

2. The related tertiary alcohols, methylethyl-n-butylcarbinol and 
dimethyl-n-amylcarbinol, have been dehydrated and their products simi- 
larly studied. 

3. Certain peculiar relations have been noted in these dehydrations. 
4. The heptenes from the decomposition of dimethyl-n-b;tylcarbinyl 

chloride have been ozonized. 
STATE COLLEGE, PENNSYLVANIA RECEIVED AUGUST 26, 1932 
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Rearrangement of the Phenylhydrazones of Some 
Unsymmetrically Substituted Dibenzalacetonesl 

BY L. CXAS. RAIFORD AND JOHN R. ENTRIKIN 

Phenylhydrazine and acrolein2 interact to give 1-phenylpyrazoline 
instead of the expected hydrazone. Later work2 indicated that the 

CeH6-NH-N CsH-N N 
II --j. 

CH2=CH-C-H 
I II 
C H g C H r C - - H  

(Not isolated) 

pyrazoline was formed through the rearrangement of a hydrazone, and 
that when the latter could be isolated, heating with acetic acid caused 
rearrangement. The stability of the phenylhydrazones of the type 
R-CH=CH-CO-R' depends on the structures of both R and R'. 
When R is an aryl radical hydroxyl and alkoxyl as substituents in it favor 
rearrangement, while the nitro radical tends to stabilize the hydrazone. 
Strauss found that the hydrazones obtained from several symmetrically 
substituted dibenzalacetones rearranged easily when halogen is present in 
either ketone or hydrazine residue; if present in both, the hydrazone is 
stable. 

Identification of Products.-The methods of distinguishing between 
these hydrazones and the pyrazolines include the following considerations. 
The tendency4 of the first to rearrange to the second is so pronounced that 
the Knon? color test for pyrazoline bases often shows the presence of the 
latter in the mother liquors from which the hydrazones were crystallized. 
Such solutions frequently show also a blue fluorescence if pyrazoline is 
present. When the product in question can be reduced by sodium amal- 
gam6 to give aniline, it is regarded as a hydrazone.? These are generally 
rearranged by boiling acetic acid.8 Products not reduced or rearranged are 
regarded as pyrazolines. To identify the latter directly Strauss found that 
thk product obtained by interaction of phenylhydrazine and dibenzal- 

(1) Prom the thesis submitted in partial fulfilment of the requirements for the Ph.D. degree at  the 
State University of Iowa. 

(2) Auwers and collaborators, Ber., 41, 4230 (1908); 42, 4412 (1909); 64, 1000 (1921). 
(3) Straus, ibid., 61, 1458 (1918). 
(4) Auwers and Voss, ibid., 42, 4412, 4417 (1909). 
(5) Knorr, Am., 238, 200 (1887). 
(6) Tafel, Ber., 22, 1854 (1889). 
(7) Auwers and Kreuder [ibid., 68, 1983 (1925)l could not reduce the product, m. p. 120-121°, 

obtained from benzalacetone and 9-tolylhydrazine. The compound was regarded as a hydrazone be- 
cause boiling acetic acid changed i t  to an oil that gave a pronounced violet color when a sulfuric acid 
solution of i t  was treated with femc chloride-a reaction given by pyrazolines generally. 

(8) Auwers and Voss [ibid., 42,4418 (1909)l failed to rearrange the product obtained from cinnamic 
aldehyde and p-nitrophenylhydrszine, although the compound was shown by reduction to be a hydra- 
zone. 

(9) Ref. 3, p. 1468. 



acetone was oxidized by potassium perrnanganate to give 1,5-diphenyl- 
pyrazole-3-carboxylic acidlo and benzoic acid. He oxidized no product 
containing acidic substituents and none obtained from unsymmetrical 
ketones. 

In the present work hydrazones were obtained from styryl 4-chloro- 
phenyl and styryl 4-chlorostyryl ketones. In other cases pyrazolines 
only were isolated. Treatment of the hydrazones with sodium amalgam 
was unsatisfactory; repeated trials of the first one gave small quantities of 
aniline; the others gave none. They were rearranged by boiling with 
acetic acid. To decide which radical of the unsymmetrical ketone was 
involved in the formation of the pyrazoline and to determine the structure 
of the latter i t  was oxidized by the potassium permanganate. 

Experimental Part 
Styryl 4Nitrostyryl Ketone.-To a solution of 20 g. of 4-nitrobenzaldehyde in 250 

cc. of alcohol, somewhat above room temperature, 20 g. of benzalacetone were added with 
stirring and the mixture cooled to about 10". Twenty cc. of 10% sodium hydroxide 
solution was then added, the stirring continued for two hours, the temperature kept 
below lgO, and the mixture allowed to stand overnight; yield, 40%. Crystallization 
from ethyl acetate gave brownish-yellow flakes; m. p. 178-179". 

Anal. Calcd. for C17Hls08N: N, 5.02. Found: N, 4.75. 

Other ketones required in this work are on record. 
Phenylhydrazone of Styryl 4-Chlorophenyl Ketone.-To a solution of 20 g. of the 

required ketone" in 250 cc. of glacial acetic acid, 8.7 g. of phenylhydrazine was added 
with stirring, and the mixture allowed to stand for twenty-four hours; yield, 46%. 
Crystallization from alcohol gave yellow needles; m. p. 100-101 ".I2 Further crystalli- 
zation gave a higher melting range, suggesting rearrangement. Boiling this material 
with acetic acid gave a product that melted at  149-150 O, which was regarded as a pyrazo- 
line. The same product was obtained when the original reaction mixture was allowed 
to stand for five days at  room temperature. 

Anal.1a Calcd. for C~~HI?N&I: C1, 10.67. Found: C1, 10.36. 
The phenylhydrazone of styryl 4-chlorostyryl ketone was obtained in yellow needles 

that melted a t  165-166°; yield, 60%. Recrystallization from acetic acid, acetone, 
alcohol or ethyl acetate caused partial rearrangement. Boiling it for an hour with 
acetic acid rearranged it completely to the pyrazoline; m. p. 184-185". 

Anal. Calcd. for GaHtpNzCl: C1, 9.90. Found: C1, 10.33. 
Oxidation of Pyrazo1ines.-In general, 10 g. of pyrazoline was suspended in 200 cc. 

of water containing 5 g. of sodium carbonate, and this mixture was boiled under a re- 
flux condenser while 40-45 g. of solid permanganate was added in 3 to 4 g. portions as 
long as the purple color was discharged, usually several hours. The mixture was fil- 
tered, the residue digested with sodium hydroxide solution and filtered, and the com- 
bined filtrates acidified. The acids liberated were collected and subjected to steam dis- 
tillation to remove benzoic acid. The non-volatile pyrazole acid was then purified. 

(10) Beyer and Claisen, Ber., 20, 2186 (1887). 
(11) The product used here, made by a standard method, melted at 97". Dilthey [J. prakt. Chem , 

101, 199 (1920)l recorded 10lO. 
(12) Repeated attempts to  reduce this material by sodium amalgam gave small quantities of 

aniline. 
(13) Brown and Beal, THIS JOURNAL, 45, 1291 (1923). 
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Compounds 2, 3, 4 and 5 (see table) gave small1"ields of 1.5-diphenylpyrazole-3- 
carboxylic acid. In all cases except that containing the 3-nitrostyryl radical the re- 
quired substituted benzoic acid was also isolated in small yield." Table I gives the 
composition and other properties of the pyrazolines. 

PYRAZOLINES FROM UNSYMMETRICAL @,@-UNSATURATED KETONES 
Substituted awl 

radicals, 1,s-diphcnyl-3- Solvent Crystal form 

(1) (4-Chloropheny1)- Alcohol Yellow needles 
(2) (3-Chlorostyry1)- Ethyl acetate Dark yellow needles 

* (3) (4Chlorostyryl)- Ethy! acetate Deep yellow needles 
(4) (3-Nitrostyry1)- Acetic acid Orange needles 
(5) (4Nitrostyryl)- ~ l c o h o l ~  Red nodules 

e- Analyses 
Halogen, % Nitrogen, % 

Formula M. p., "C. Calcd. Found Calcd. Found 

" Done by a modification of Kurschner's method [Z. anal. Chem., 68,209 (1926) 1. 
' crystallization from acetic acid gave irregularly shaped crystals that appeared to 

decompose with frothing a t  130-131°, and gave a clear liquid at  about 190°, which 
suggested solvent of crystallization. When heated for twenty-four hours a t  135O, 
1.9377 g. lost 0.2529 g. Calcd. for CZ~HI~O~N~.CZH~OZ: CZH4Os, 13.99. Found: GHIOZ, 
13.05. Separate portions of the original material and of the residue left after removal 
of acetic acid of crystallization, respectively, were crystallized from alcohol. I n  each 
case small red crystals that melted a t  191-192° were obtained. 

Summary and Conclusions 
1. Several unsymmetrically substituted dibenzalacetones have been 

condensed with phenylhydrazine. Hydrazones were isolated in some 
cases, and in others the products rearranged immediately to the isomeric 
pyrazolines. ' 

2. In the rearrangement of these hydrazones the closing of the pyrazo- 
line ring involved the unsaturation farthest away from the phenyl nucleus 
containing the halogen or nitro radical. This was indicated by the fact 
that in the oxidation of the pyrazolines 1,5-diphenylpyrazole-3-carboxylic 
acid and benzoic or a substituted benzoic acid were obtained. 

(14) Doubtless due to further oxidation of the pyrazole acid. Oxidation of 1.5-dipbenyl-3-sty*- 
pyrazoline, by G. V. Gundy of this Laboratory, gave 39% of the pyrazole acid and 137% of the re- 
quired benzoic acid. Treatment of a purified sample of pyrazole acid with permanganate gave benzoic 
acid. 

(15) Zimmerman (unpublished work) treated pure bromo- and nitrobenzoic acids with alkaline 
permanganate and noted destruction of the acids to the extent of 20% or more. When the ketones 
here used were condensed with $-nitro- and 9-bromophenylhydraziues the initial products had melting 
points and other properties different from those shown by the compounds obtained by boiling the 
initial ones with acetic acid. The first were probably hydrazones and the final ones pyrazolines. 
Oxidation of the latter with permanganate seemed to cause complete degradation. From the product 
obtained by interaction of 4-bromophenylhydrazine with styryl 3-nitrostyryl ketone, only a small 
amount of benzoic acid was isolated. The bromide ion was easily detected in the reaction mixture. 
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3. Oxidation of pyrazolines containing a bromine atom or a nitro 
radical in the hydrazine residue seemed to cause complete degradation of 
the molecule. These compounds are still being studied. 

IOWA CITY, IOWA RECEIVED AUGUST 26, 1932 
PUBLISHED MARCH 7, 1933 

The Interconversion of Arylmercuric Halides and 
Diarylrnercury Compounds. I 

The reaction, &Hg $. HgXz 4= SArHgX, has been the subject of 
many s t~dies .~  

The present investigation deals with the influence of inorganic iodides on 
the reaction. It was suggested by the observation that while sodium 
iodide in alcoholic solution reverses the reaction in the case of para tolyl 
compounds, giving a complete conversion to di-p-tolylmercury, it has no 
effect on phenylmercuric iodide. Early in the investigation cases were 
found in which the reversibility of the reaction by sodium iodide lay be- 
tween these extremes. Consequently it became necessary to develop a 
method for analyzing mixtures of Ar2Hg and ArHgI. This was accom- 
plished satisfactorily by i~dimetry.~ The method can best be illustrated 
by the two equations 

ArHgI + Iz --+ ArI + HgIz 
ArtHg + 21z --+ 2ArI 4- HgIz 

Thus a given amount of mercury in a diarylmercury will react with twice 
as much iodine as the same amount of mercury in an arylmercuric iodide. 
The method was found to give satisfactory results with known mixtures of 
arylmercuric halides and diarylmercury compounds. 

The following arylmercuric iodides were converted to the mercury - .  

diaryls by refluxing with an excess of alcoholic sodium iodide: o-tolyl, m- 
tolyl, p-tolyl, m-xylyl, mesitylyl, a-naphthyl and 8-naphthyl. Phenyl- 
mercuric iodide showed no change even after refluxing for three hundred 
hours with alcoholic sodium iodide. Benzyl- and cyclohexylmercuric 
iodides decomposed on long heating with sodium iodide. 9-Ethylphenyl- 

(I) Research Fellow of the Public Health Institute of Chicago. This paper is abstracted from a 
thesis submitted in partial fulfilment of the requirements for the Ph.D. degree at Northwestern Uni- 
versity. 

(2) Whitmore, "Organic Compounds of Mercury," The Chemical Catalog Co., New York, 1921, 
pp. 69-67; Whitmore, THIS JOURNAL, 41, 1841 (1919); Hein and Wagler, Ber., 68B, 1499 (1925): 
Jurgens, Rec. trar. chim., 46, 61 (1926); Whitmore, Hanson and Carnahan, THIS JOURNAL, 51, 894 
(1929). 

(3) This method was developed at Northwestern University by Messrs. Louis Ehrenfeld and R.  J. 
Sobatzki independently, the former for analyzing mixtures of C-Hg and 0-Hg compounds and the 
latter for analyzing mixtures of C-Hg and C-Hg-C compounds. 
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mercuric iodide gave a mixture of unchanged material and di-p-ethyl- 
phenylinercury in which the two substances could be distinguished by their 
characteristic crystalline forms. When p-cymylmercuric chloride was 
refluxed with excess of alcoholic sodium iodide, crystals of the pure di-p- 
cymylmercury separated on cooling. This was proved by analysis and by 
reaction with mercuric chloride to give a quantitative yield of pure P- 
cymylmercuric chloride. A careful study of this reaction showed the 
existence of a very sensitive equilibrium. When the mixture of sodium 
iodide and p-cymylmercuric chloride was heated with alcohol a yellow 
solution was formed a t  once. When this solution was cooled crystals of 
dl-p-cymylmercury separated a t  once. In an effort to find whether the 
diarylmercury existed in the hot solution, the latter was poured into a large 
volume of ice water. The solid which precipitated was found to be p- 
cymylmercuric iodide contaminated by about 1% of the diarylmercury 
compound. These results showed that the hot solution contained the 
following system in equilibrium. 

2CloH13HgI + 2NaI = NazHgIa + (CIOH~S)~H~ 
It thus became necessary to study conditions which might influence such an 
equilibrium. The relative solubilities of a number of arylmercuric iodides 
and the corresponding diarylmercury compounds in alcohol at 25' were 
determined. In some cases the diarylmercury was more soluble and in 
others the arylmercuric iodide was more soluble, but the difference in 
solubilities of corresponding compounds was not more than five-fold except 
in the case of the phenyl compounds in which case the diarylrnercury was 
forty times as soluble as the arylmercuric iodide. This peculiarity explains 
the impossibility of converting phenylmercuric iodide to diphenylmercury 
by means of sodium iodide. It is not possible to get a sufficient concen- 
tration of sodium iodide in alcohol to overcome the effect of the unfavorable 
solubility ratio. In the case of the p-tolyl compounds in which the forma- 
tion of di-p-tolylmercury is so readily caused by sodium iodide, the solu- 
bility of p-tolylrnercuric iodide is almost five times as great as that  of di-p- 
tolylmercury. 

The effect of the relative concentration of sodium iodide on a number of 
these reactions was studied. In each case the mixture was refluxed and 
then cooled. In the case of p-ethylphenylmercuric chloride a molar ratio of 
sodium iodide to ArHgCl of 3.5:l gave a mixture containing 11% of the 
diarylmercury; a ratio of 4.5:l gave 64y0 and a ratio of 9:l gave complete 
conversion to di-p-ethylphenylmercury. 

The effect of relative concentration on the reversibility of the reaction 
was likewise studied. A molar ratio of NazHg14 to di-p-ethylphenyl- 
mercury of 1:1 gave a 97% conversion to p-ethylphenylmercuric iodide, 
while molar ratios of 2: 1, 4: 1 and 8: 1 gave conversions of 98, 99 and 
99.8%, respectively. 
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By using a molar ratio of sodium iodide to benzylmercuric chloride of 
10: 1 it was possible to obtain a complete conversion to dibenzylmercury. 

In the case of m-tolylmercuric chloride, a molar ratio of sodium iodide of 
3.5:l gave an impure product containing only 30% di-m-tolylmercury, 
while a molar ratio of 8:l gave the pure diarylmercury. In  the case of 
o-tolylmercuric chloride a molar ratio of sodium iodide of 4.5:l was suffi- 
cient to form di-o-tolylmercury. With phenylmercuric chloride a molar 
ratio of sodium iodide of 16: 1 failed to give any diphenylmercury . 

The influence of the volume of alcohol and of the time of refluxing was 
studied with the P-tolylmercuric compounds. A moderate volume was 
found to be as effective as a large volume. The time of refluxing was 
reduced to an approximate limit of ten minutes without cutting down the 
yield of diarylmer~ury.~ 

A number of mixtures of arylmercuric iodides and sodium iodide in 
various molar ratios were brought to equilibrium in boiling alcohol and then 
poured into large volumes of cold water. Analyses of the precipitated 
products by iodimetry showed them to consist almost entirely of aryl- 
mercuric iodides. This was in spite of the fact that the same solutions on 
cooling gave the diarylrnercury compounds, with the single exception of the 
phenylmercuric compounds. 

Experimental 

Preparation of the Mercury Compounds.-These were made by known 
reactions. The results are summarized in Table I. 

Compound 

Phenyl-HgI 
Diphenyl-Hg 
0-Tolyl-HgC1 
o-Tolyl-HgBr 
0-Tolyl-HgI 
Di-o-tolyl-Hg 
m-Tolyl-HgC1 
m-Tolyl-HgI 
Di-m-tolyl-Hg 
p-Tolyl-HgCI 
pTolyl-HgI 
Di-p-tolyl-Hg 
Benzyl-HgC1 
Benzyl-HgI 
Dibenzyl-Hg 
$-Ethylphenyl-HgC1 
p-Ethylphenyl-HgBr 
p-Ethylphenyl-HgI 
Di-p-ethylphenyEHg 

Method 
Yield, Melting point, aq Analysis, Hg 

% Obs. Lit. Calcd. Found' 

66 265-266 266 
120 122-123 

42 145-146 146 
169.5 53.98 54.0 
176 47.93 48.0 
106.5-107 107 

27f 159.5-160 160 
161 162 
101-102 102 

51 233 233 
90 220 220 

237 238 
103-104 104 
117 117 
110 111 

65j 221 58.82 58.8 
227-228 52.02 51.9 
229 46.38 46.3 
136.5 48.86 48.8 

(4) Contrast the long refluxing recommended in "Organic Syntheses," 1923, Vol. 111, p. 65. 
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TABLE I (Concluded) 
Yield, Melting point, OC. Analysis, Hg 

Compound Method % Obs. Lit. Calcd. Found" 

Phenylethyl-HgBr 2 65 173 dec. 169k 
Phenylethyl-HgI h 154 46.38 46.3 
Mesityl-HgC1 1 199-200 200 
Dimesityl-Hg h 230 236 
@-Cymyl-HgC1 c 62j 155 156 
p-Cymyl-HgI e 169 169 
Di-p-cymyl-Hg h 134 134 
Cyclohexyl-HgBr 2 152-153 153 
Cyclohexyl-HgI m 143 143 
or-Naphthyl-HgC1 c 187-188 188-189 
Di-or-naphthyl-Hg Iz 240-241 243 
8-Naphthyl-HgC1 c 268-270 271 
Di-p-naphthyl-Hg h 237-238 247-248b 

" Analyses are given only for new compounds although they were performed on 
most of the known compounds as well. The figures given are the average of a t  least two 
analyses. 

Beattie and Whitmore, unpublished results. 
" Sulfinic acid method of Peters, Be7 , 38, 2567 (1905), as modified in "Organic 

Syntheses," 1923, Vol. 111, p. 99. 
Copper and pyridine method of Hein and Wagler, Ber., 58B, 1499 (1925). 

" Action of the RZHg compound with HgXs in boiling alcohol. 
Yield based on the m-toluidine used in making toluene-m-sulfinic acid. 
Action of the RMgX compound with an excess of HgX*. 
Action of RHgCl with excess of sodium iodide in boiling alcohol. By increasing 

the ratio of NaI:RHgCl, the time of refluxing could be decreased greatly; cf. "Organic 
Syntheses," 1923, Vol. 111, p. 65. 

' Action of RHgCl with 1 mole of potassium iodide or sodium iodide. 
Yield based on the sulfonyl chloride used to make the sodium sulfinate. 
  ill, THIS JOURNAL, 50, 167 (1928). 

' Direct mercuration with mercuric acetate. 
" Obtained from cyclohexylmercuric bromide even with 5 moles of sodium iodide. 

Determination of C-Hg Linkage by 1odimetry.-About 0.1 g. of mercuri-bis com- 
pound or 0.2 g. of organomercuric halide, weighed accurately, is mixed with 1 g. of potas- 
sium iodide, 2 cc. of chloroform, 25 cc. of water and 25.00 cc. of approximately 0.1 N 
iodine solution in a 100-cc. Erlenmeyer flask attached to a reflux condenser by a ground 
joint. The flask is heated enough to cause the chloroform to reflux gently for fifteen to 
thirty minutes. During the refluxing 25.00 cc. of the iodine solution used is titrated 

SOLUBILITIES OP ARHGI AND AR,HG 
G. per 25 cc. of soln. in Moles pey 

95% alcohol at 25' liter of solution 
Ar ArzHg ArHgI Ar2Hg ArHgI 

Phenyl 0.359 0.009 0.0405 0.0010 
m-Tolyl .I862 .0616 .0149 .00588 
pTolyl .008 .042 .00083 .0040 
p-Ethylphenyl .0949 .0509 .00924 .00488 
Benzyl .040 . lo4 .0041 .0109 
2-p-Cymyl .020 .051 .0018 .0044 

Ratio of molar 
solubilities 

ArlHg : ArHgl 

40:l 
2.5:l  

1:4.8 
1.9:l 

1:2.7 
1:2.4 







with accurately standardized sodium thiosulfate solution (approximately 0.05 N). 
The flask containing the reaction mixture is cooled, acidified with 2 drops of concd. 
hydrochloric acid and titrated with the standard thiosulfate. The difference in the 
thiosulfate used here and with the blank iodine titration gives a measure of the C-Hg 
linkage present, each such linkage corresponding to two equivalents of iodine or thio- 
sulfate. 

Before the method was applied in the research it was tried on several pure sub- 
stances and known mixtures. Of these only three examples will be given. (a) A sam- 
ple of 0.1593 g. of o-tolylmercuric bromide was refluxed for thirty minutes with 25.00 
cc. of the iodine solution. The titration of the 25.00-cc. blank of the iodine solution re- 
quired 24.80 cc. of 0.05578 N sodium thiosulfate solution. The unreacted iodine in the 
refluxed mixture required 9.38 cc. of the same thiosulfate solution for its titration. 
Thus the C-Hg bonds in the mercury compound reacted with iodine equivalent to 15.42 
cc. of the 0.05578 N solution which, in turn, is equivalent to 54.06% of mercury (as 
C-Hg) in the o-tolylmercuric bromide. The calculated percentage is 53.98. If the 
compound analyzed had contained the C-Hg-C combination the percentage found on the 
C-Hg basis would have beer: divided by two to get the actual percentage of mercury in 
the compound. Thus diphenylmercury which contains 56.57% mercury would show 
113.1% mercury on the C-Hg basis when determined by iodimetry. (b) A mixture was 
made up of 0.0423 g. of fi-ethylphenylmercuric chloride and 0.0298 g. of di-#-ethyl- 
phenylmercwy. This reacted with iodine equivalent to 10.90 cc. of 0.04956 N thio- 
sulfate indicating 75.02% mercury (C-Hg basis). The calculated amount for the mix- 
ture is 74.9% (C-Hg basis). (c) A similar experiment using 0.0288 g. of the ArHgCl 
and 0.0453 g. of the ArzHg compounds required iodine equivalent to 12.30 cc. of the 
0.04956 N thiosulfate, indicating 82.47% mercury (C-Hg basis) as compared with the 
calculated value of 82.59% for this mixture. 

Solubility of the Mercury Compounds in Alcohol.-After several more complicated 
methods for determining the concentration of the saturated solutions were tried, the 
following simple procedure was adopted. A saturated solution of the mwcury com- 
pound in alcohol at  60-70° was prepared. The solution and excess of solid were then 
stirred and cooled to 25" and kept a t  that temperature in a thermostat for seventy-two 
hours. Several 25-cc. samples were removed by means of a filter pipet and transferred 
to weighed beakers. The main portion of the alcohol was removed a t  60-70' in an air- 
bath (hood). When the residual volume was 5 cc. the beakers were transferred to 
vacuum desiccators and dried to constant weight. The accuracy of the method was 
determined by dissolving in alcohol weighed amounts of a variety of arylmercuric 
halides and diarylrnercury compounds and recovering them. In each case the weight 
of material after the experiment was from 0.5 to 1 mg. greater than that introduced. 
Thus the method was sufficiently accurate for our purposes. The results are given in 
Table 11. 

Action of Alkali Iodides with the Arylmercuric Halides.-The results of the action 
of varied amounts of sodium and potassium iodides in rduxing alcoholic solution with 
the various arylmercuric halides are given in Table 111. 

Action of Diaryhnercury Compounds with the Complex Alkali Mercury Iodides.- 
The experiment with diphenylrnercury is typical. A mixture of 2.25 g. (5 mols) of 
sodium iodide, 1.36 g. (1 mol) of mercuric iodide and 1.06 g. (1 mol) of diphenyl- 
mercury in 75 cc. of alcohol was refluxed for thirty minutes. The hot solution had 
the characteristic yellow color of NazHgI. solutions. On cooling, this color disap- 
peared and platelets of phenylmercuric iodide separated; m. p. 255-256 O, yield 2.42 g. 
or 94%. 

The results of similar experiments with other mercury compounds are given in 
Table IV. 
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The Ratio of Concentrations of the Arylmercuric Iodides and the Diarylmercury 
Compounds in Equilibrium Mixtures in Alcohol at the Boiling Point.-The mixture of a 
mercury compound which had been refluxed with a known ratio of sodium iodide was 
poured into a large volume of cold water to precipitate all the mercury compounds pres- 
ent. Thus the equilibrium was essentially "frozen." The precipitate was analyzed 
and the ratio of ArHg1:ArtHg calculated. The results appear in Table V. 

Failure to Produce Diphenylmercury by Means of Iodides.-A solution of 9 g. (1 
mol) of phenylmercuric iodide and 20.0 g. (5.5 mols) of potassium iodide in 300 cc. of 
95% alcohol was refluxed for three hundred hours. The mixture was cooled. The crys- 
tals which separated were washed and dried, m. p. 265-266". The mother liquor was 
gradually evaporated to yield five crystalline fractions. The first four showed the same 
m. p. 265O. The last fraction, obtained by evaporating the final mother liquor to dry- 
ness, washing with alcohol and water and drying, melted at 264-265O. The m. p. of 
phenylmercuric iodide is 266" and that of mercury diphenyl is 120". Thus none of 
the latter substance was formed. A similar experiment using sodium iodide gave the 
same result. 

Action of Mercury Diphenyl with Cold Solutions of Mercuric Salts.-The conversion 
of mercuri-bis compounds to organomercuric halides is usually carried out by refluxing 
the former with mercuric halides in alcohol or acetone solution. In the phenyl series 
this vigorous treatment was found to be unnecessary. Thus the mixing of cold solutions 
of 0.355 g. of diphenylmercury in 50 cc. of alcohol and 0.272 g. of mercuric chloride in 
20 cc. of alcohol gave an immediate precipitate of phe~iylrnercuric chloride, m. p. 250- 
251 O. The filtrate gave no test for mercuric ions with bases. 

Similarly cold solutions of 0.177 g. of diphenylmercury in 20 cc. of alcohol and 
0.227 g. of mercuric iodide in 40 cc. of alcohol gave an immediate precipitate of phenyl- 
mercuric iodide, m. p. 265-266". 

The tendency to the formation of ArHgX is apparently not limited to cases in which 
that product precipitates from the reaction mixture. Thus cold solutions of 0.048 g. of 
di-p-tolylmercury in 200 cc. of alcohol and 0.057 g .  of mercuric iodide in 20 cc. of alcohol 
gave no precipitate on mixing but the resulting solution gave no precipitate with sodium 
hydroxide, showing that the mercuric iodide had reacted with the diarylmercury. 

A similar experiment with cold alcoholic solutions of di-p-ethylphenylmercury and 
mercuric chloride gave a precipitate of p-ethylphenylrnercuric chloride, m. p. 221°, 
yield 94%. 

Summary 

1. The relation of arylmercuric halides to diarylmercury compounds 
has been studied from the point of view of the equilibrium 

2. The alkali iodide method for forcing this reaction to the right has 
been studied with thirteen arylmercuric iodides. With ten of these i t  was 
successful. 

3. A new method for mercury a~lalysis of organic mercury compounds 
has been developed. This is particularly useful in determining the pro- 
portions of RzHg and RHgX in a mixture of the two. It is also valuable - 
in determining the amount of organic mercury compound in the presence 
of inorganic mercury compounds. 

STATE COLLEGE, PENNSYI~VANIA 



The Hydrolysis and Rearrangement of Certain Olefin 
Dibromides Containing a Tertiary Bromine 

This rearrangement was discovered by Eltekow who heated isobutylene 
dibromide with twenty volumes of water and obtained isobutyraldehyde.' 
Later using lead oxide Ipatiew hydrolyzed the dibromide from tertiary 
amyl alcohol and bromine and obtained methyl isopropyl ketone and 
methylethyla~etaldehyde.~ Later Froebe and Hochstetter studied the 
formation of ketones by the hydrolysis of dihalide~.~ The preparation of 
the dibromides from tertiary alcohols and bromine has been studied by 
many ~ o r k e r s . ~ , ~  

In this Laboratory it was found that the use of high temperatures and 
pressures or of lead oxide is unnecessary in the hydrolysis of the di- 
bromide of isobutylene and of trimethylethylene. The products isobutyr- 
aldehyde and methyl isopropyl ketone could be distilled out as formed by 
the use of an effective column. This method was used for converting 
tertiary amyl alcohol to the large amounts of methyl isopropyl ketone 
needed in some rearrangement ~ tudies .~  In view of the success with the 
two lower members of this series of dibromides repeated attempts have been 
made during several years to extend this reaction to higher tertiary alcohols 
as a general means of preparing ketones of the type, RR'CHCOR". Of 
thirteen tertiary alcohols or related dibromides containing more than five 
carbons, which were studied, only four gave identifiable products. The 
others gave mainly tars. In a few cases indications of the formation of 
conjugated dienes and of allenes were obtained. 2,3-Dibromo-2-methyl- 
pentane gave a 25% yield of 2-methylpentanone-3; 2,3-dibromo-3-methyl- 
pentane gave a 20% yield of 3-methylpentanone-2; 2,3-dibromo-3-ethyl- 
pentane gave a small yield of 3-ethylpentanone-2; and 2,3-dibromo-2- 
methylhexane gave a 33% yield of 2-methylhexanone-3. The most com- 
plex dibromides studied were 1,2-dibromo-2,3,3-trimethylbutane and 2,3- 
dibromo-2-methyltridecane. 

Both the positive and negative results obtained are interesting from the 
point of view of  rearrangement^.^ In the two cases which give good yields, 

(1) Eltekow, J. Russ. Phys.-Chem. Soc.. 10,215 (1878); Chem. Zentr., 516 (1878); cf. Krassuski, 
ib id . .  I ,  628 (1902). 

(2) Ipatiew, J. prakl. Chem., 121 63, 266 (1896). 
(3) Froebe and Hochstetter, Monatsh., 23, 1076 (1902). 
(4) Btard, Compt. rend., 114, 755 (1892); Albizky, J. Russ. Phys.-Chem. Soc., 69, 304 (1897); 

Henry, Bull. acad.  roy. Btlg., 1906, 424; RLC. trap. chim., 26, 116 (1907); Mereschkowski, J .  Russ. 
Phys.-Chem. Soc., 46, 1940 (1913). 

(5)  Whitmore and Evers, Tam JOURNAL, 66, 812 (1933). 
(6) Cf.  Whitmore, ibid., 6 4  3274 (1932). 
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the removal of the tertiary bromine with its complete octet of electrons 
Ieaves the fragments 

(CHa)2CC--CH2Br and (CH3)2Ci-CNBr-CHa 

These unstable systenis might undergo a shift of an electron pair with its 
attached atom or group or the loss of a proton to give unsaturated com- 
pounds. The tendency for the latter in the case of methyl groups is small.? 
The shift of an electron pair with a proton would give the following 

(CH8)2CH-C+HBr and (CH3)2CHC+Br-CHa 

which would hydrolyze at once to give isobutyraldehyde and methyl iso- 
propyl ketone. When larger groups than methyl are involved, the tendency 
to lose protons to give olefins and diolefins increases. These would tend 
to polymerize in the presence of the acid formed in the hydrolysis. 

Experimental 
1,2-Dibromo-2-methylpropane.-Preliminary experiments indicated that tertiary 

butyl alcohol and bromine do not react appreciably a t  20' but that near the boiling 
point of the alcohol a rapid reaction occurs with the production of a colorless dibromide 
boiling mainly a t  140-150'. It was finally found best to keep the alcohol a t  60-70' 
and to add the bromine with stirring a t  such a rate that no unreacted bromine accumu- 
lated and the temperature did not rise. The product consisted of two layers. The 
upper layer contained water and hydrobromic acid. In six runs involving a total of 
1.4 kg. of tertiary butyl alcohol and 3.1 kg. of bromine the yield of dibromide, b. p. 
143-150' (735 mm.). was 68-75%. From 10 to 16% of the bromine appeared as hy- 
drobromic acid. Considerable amounts of polybromides and smaller amounts of ter- 
tiary butyl bromide were also formed. 

The isobutylene dibromide was hydrolyzed in 2-mole lots by heating with 2 liters 
of water in a flask equipped with a 90 X 1.5 cm. packed column. At first heat was ap- 
plied to give refluxing without any distillation. Later the heat was increased to distil 
off the isobutyraldehyde as formed (59-64' a t  top of column). After fifty hours the di- 
bromide layer had disappeared and 185 g. of crude product had distilled. This was 
treated with hydroquinone and distilled through an &cient 45 X 1 cm. column to 
give 108 g. of isobutyraldehyde, b. p. 58-65' (740 mm.), a yield of 75%. The time of 
hydrolysis and distillation for a one-mole run of the dibromide was cut from fourteen to 
three hours by the use of an efficient stirrer. 

It was found possible to make isobutyraldehyde directly from the crude bromination 
mixture from tertiary butyl alcohol in 50-55% yields. Distillation of the water layer 
gave about 80% of the bromine as constant boiling hydrobromic acid. 

2,3-Dichloro-2-methylbutane, b. p. 134-138' (735 mm.), refluxed with water and 
with disodium phosphate solution for thirty hours gave only 10% hydrolysis. Re- 
fluxing with 1 mole of sodium hydroxide solution for twenty-four hours gave 17% hy- 
drolysis. Methyl isopropyl ketone was identified. 

1,2-Dibromo-2-methylbutane.-Secondary b~tylcarbinol,~ b. p. 125-127.5' (735 
mm ), was treated with constant boiling hydrobromic acid and sulfuric acid to give a 
40% yield of 1-bromo-2-methylbutane, b. p. 117-118.4' (732 mm.). A considerable 
amount of tertiary amyl bromide was also formed. Attempts to convert the 1-bromo 

(7) Cf. Whitmore and Woodburn, THIS JOURNAL, 66, 361 (1933): Wbitmore and Williams, ibid., 
65, 406 (1938). 

(8) Supplied by the Sharples Solvents Corp. of Philadelphia. 
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' For the preparation of these carbiiols see Whitmore and Evers, Tars JOURNAL, 
55,812 (1933). 

' Fournier, Bull. soc. chim., [4] 7, 840 (1910), gives m. p. 95'. 
The high boiling fractions gave indications of a bromohydrin with strong lach- 

rymatory properties. 
Meerwein, Ann., 419, 140 (1919). gives m. p. 119". 
' n1,8 1.5035; n c  1.5029; d i 5  1.5184. 
'To prevent chamng, it was necessary to brominate this carbinol a t  0". I t  re- 

quired 103 hrs. 
The crude dibromide was not distilled. 
The only volatile products were 6 g., b. p. 83-101 ", and 9 g., b. p. 101-127". These 

contained bromine. 
' Prepared in 60% yield by the action of ethylmagnesium bromide with ethyl ace- 

tate, b. p. 40-43" (25 mm.), n: 1.4168. Pariselle and Simon, Compt. rend., 173, 86 
(1922). give b. p. 121 O, n: 1.418. 

Bromination in carbon tetrachloride solution at  65-75 ". 
Zelinsky, Ber., 34,2865 (1901), gives the b p. of the ketone as 118" (760 mm.) and 

its n',8 as 1.4002; Courtot, Bull. soc. chim., [3] 35,981 (1906), gives the rn. p. of the semi- 
carbazone as 95-96 ". 

Prepared in 79% yield from diethyl carbonate and ethylmagnesium bromide 
[Moyer and Marvel, "Organic Syntheses," 1931, Vol. XI, p. 991, b. p. 136-139.5" (740 
mm.), 52" (17 mrn.), nT 1.4290. 
' n y  1.5120. 
" Carbon and hydrogen and molecular weight determinations indicated the formula 

C,Hl~. Heating with sodium gave no acetylene derivative such as would be expected 
from an allene. On standing in a closed bottle for three months it changed to a viscous 
polymer which only partly distilled a t  260'. 

O Tiffeneau, Compt. rend., 143, 127 (1906), gives the b. p. as 137-138" and the m. p. 
of the semicarbazone as 98" whiie Blaise, Ann. chim. phys., [8] 17,371 (1909), gives the 
m. p, as 92". 

Bromine and potassium permanganate tests. No semicarbazone. 
Prepared from the olefin made by dehydrating the carbinol with iodine. 
' The bromination was a t  -3O to prevent charring; time. 110 hrs 

Meerwein, Ann., 396, 255 (1913). gives the b. p. as 130.6O (760 rnm.), and the 
m. p. of the semicarbazone as 136-138". 

Considerable amounts of mono- and polybromides were obtained. 
"When hydrolysis with water alone gave no satisfactory result, the experiment 

was repeated with lead oxide and water. 

compound to the 1,2-dibromo compound by bromination in the presence of ferric bro- 
mide gave mainly polybromides. The monobromide was then treated with potassium 
hydroxide in methyl alcohol to give a 45% yield of 2-methylbutene-1, b. p. 33-35.5O 
(740 mm.). This was treated with bromine in carbon tetrachloride to give an 80% 
yield of the desired dibromide, 1,2-dibromo-2-methylbutane, b. p. 60-62 O (15 mm.). 

Seventy grams (0.30 mole) of this dibromide was refluxed with 700 cc. of distilled 
water in a 1-liter flask provided with a 50-cm. column. The distillate on redistillation 
gave only 7 g. of material of b. p. 94-98' (735 mm.). This had an aldehyde odor, re- 
duced ammoniacal silver nitrate and gave a semicarbazone, m. p. 85-93" which could 
not be purified by recrystallization. The product of the hydrolysis was thus impure 
methylethylacetaldehyde. 

2,3-Dibromo-2-methylbutane.-This bromide was best prepared from tertiary amyl 
alcohol (b, p. 100-102° (740 mm.)8 and bromine a t  60-65'. The yield of material of 



b. p. 56-60° (20 mm.) was 750Jo.g The bromide was also prepared by the direct addition 
of bromine a t  5' to trimethylethylene prepared by dehydrating tertiary amyl alcohol 
with 15% sulfuric acid. The use of a solution of bromine in aqueous sodium bromide 
solution was also tried. Neither of these methods had any advantage over the direct 
treatment of tertiary amyl alcohol with pure bromine. The dibromide (1740 g.) was 
hydrolyzed with stirring, first refluxing and later distilling off the methyl isopropyl ke- 
tone. The product on redistillation through a 90 X 1.5 cm. packed column weighed 
477 g., b. p. 90-93.4' (734 mm.), n: 1.3880, yield 55% based on the tertiary amyl 
alcohol used. A small amount of high boiling material, b. p. 69-82 O (29 mm.), n? 1.4630. 
42.6% bromine, with strong lachrymatory power was obtained. 

The results with the other twelve dibromides are summarized in Table I. 

Summary 

1. The hydrolysis and rearrangement of isobutylene dibromide and 
trimethylethylene dibromide are practical methods of converting tertiary 
butyl and tertiary amyl alcohols to isobutyraldehyde and methyl isopropyl 
ketone in good yields. 

2. The hydrolysis of thirteen other dibromides prepared from aliphatic 
tertiary alcohols has been studied. With seven of these the rearranged 
aldehyde or ketone has been obtained in poor yield. With the others, 
polymerizations occur apparently due to the formation of substituted 
butadienes and other unsaturated products. 

(9) Full details of the preparation of the dibromide and of Its hydrolysis to methyl isopropyl 
ketone will appear in "Organic Syntheses," Vol. XIII, 1933. 
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Researches on Pyrimidines. CXXXI. The Reduction of 
1,2,3,4-Tetrahydropyrimidines 

BY KARL FOLKERS' AND TREAT B. JOHNSON 

Several new members of a hitherto little studied class of tetrahydro- 
pyrimidines were described in a recent publication from this Laborat~ry.~ 
These were represented by the general formula, I, in which R designates an 
alkyl, aryl or arylalkyl group. Inasmuch as the investigation of these 
compounds was primarily to ascertain whether they were of pharmacologi- 
cal interest, it was desirable to hydrogenate a few of them to the hexahydro- 
pyrimidine derivative, 11, if possible, and then to determine the effect on 
the physiological activity. Furthermore, these hexahydropyrimidines 
possessing an ureide structure could probably be hydrolyzed to substituted 
B,B-diamino-isobutyric acids, 111, which in themselves would be interesting 
substances and otherwise difficult to obtain. 

(1) Squibb and Sons Research Fellow in Organic Chemistry. 
(2) Folkers, Harwood and Johnson. THIS JOURNAL, 64, 3751 (1932). 



(3) NH-CHR (4) NH-CHR NH2-CHR 
I I I I 

( 2 )  CO C-CO2GHs (5) CO CHCO~GHB 
I 

CHCOzH 
1 H I I 

(1)  NH---C- CHB (6) NH-CHCHa 
I 

NH2-CHCH, 
I I1 I11 

In contrast to the large amount of published work on keto-pyrimidines, 
there is relatively little literature on the more reduced pyrimidine struc- 
tures. Over colloidal palladium or platinum, the 5,6 double bond of uracil 
was quite resistant to reduction at 20-25O, but at  75' it wm redtlced to 
dihydroura~il.~ The reduction of the 5,6 double bond of N-l-methyl-6- 
phenyluracil-N-3-acetic acid or its methyl ester could not be accomplished 
at 20-25O with a colloidal palladium catalyst. Hydrogen iodide was also 
ineffective.* Hilbertvound that the 5,6 double bond of uracil-4-ethyl 
acetate and 3-methyl-uracil could be hydrogenated with Adams platinum 
catalyst at  20-25O, but the rate was very slow. 

The only reduction experiment on a pyrimidine of type I was made by 
Biginellil6 the discoverer of the reaction leading to the formation of 
these compounds. He reported that 2-keto-4-phenyl-5-carbethoxy-6- 
methyl-1,2,3,4-tetrahydropyrimidine, IV, when treated with sodium 
amalgam, yielded, in addition to unaltered material, a compound of m. p. 
229-230' which he believed to be the hexahydropyrimidine derivative, 
and another solid melting at 59-60°. Biginelli's analysis of the higher 
melting compound indicated the adsorption of one mole of hydrogen, 
whereas the hydrogen content of the lower melting one was high for an 
additional mole of hydrogen. 

Although his directions for the sodium amalgam reduction were incom- 
plete, attempts were made to duplicate them, but they were without satis- 
factory results. The use of 2.5% sodium amalgam in glacial acetic acid 
was also without success, for 94.1% of the compound was recovered un- 
altered. Neither did hydrogen iodide effect reduction. Two grams of the 
pyrimidine dissolved in 200 rnl. of ethanol was unaffected in the presence 
of 0.15 g. of platinum catalyst after four hours. However, by using a large 
amount of catalyst and glacial acetic acid as solvent, hydrogenation was 
effected. The drop in pressure indicated the absorption of 3 moles and the 
product, which melted a t  237.5-238.5', was shown by analysis to contain 
six more atoms of hydrogen. Since these experimental conditions do not 
give reduction of the carbamido- or carbethoxy groups, and excluding 
cleavage, the benzenoid nucleus must have been reduced while the double 
bond of the pyrimidine ring remained intact. This product, 2-keto-4- 
cyclohexyl-5-carbethoxy-6-methyl-1,2,3,4-tetrahydropyrimidine, dissolved 

(3) Johnson and Brown, Proc N a i .  Acad .  Sci., 7 ,  75 (1920); Brown and Johnson, THIS JOURNAL, 

46, 2702 (1923). 
(4) Evans and Johnson, ibid. ,  62, 5000 (1930). 
(5) Hilbert ibid. ,  64, 2078 (1932). 
(6) Biginelli, Gazz. chin.  itd., 28, [I] 366 (1893). 



in glacial acetic acid would not absorb more hydrogen in the presence of a 
large amount of fresh catalyst and over a long period of time at 20-25'. 
Since a temperature of 75' facilitated reduction in ethanol solvent of the 
uracil series, this pyrimidine was tested under these conditions. However, 
there was not the slightest reduction of 2 g. of the 4-cyclohexyl derivative 
dissolved in 200 ml. of ethanol after forty-two hours a t  60-75' in the 
presence of 0.57 g. of platinum catalyst. 

It seemed probable then that the compound of m. p. 229-230' obtained 
by Biginelli was one containing a partially hydrogenated benzenoid nucleus. 
Such reduction has been quite widely accomplished by the use of sodium.' 
It is to be noted in the above-mentioned papers on uracil derivatives that 
reduction of the 5,6-double bond caused a marked drop in the melting point, 
whereas Biginelli's reduction raised the melting point. In reference to 
Biginelli's product of m. p. 59-60', he stated that it was probably a mixture 
of two isomeric hexahydropyrimidines, the one of m. p. 229-230' and an- 
other which had not been obtained pure. This seemed unlikely since his 
hydrogen analysis was 0.27-0.31% high and the fact that he stated the 
substance, on long contact with water, decomposed to emanate an odor of 
benzaldehyde, an observation which indicates the tetrahydro rather than 
the hexahydropyrimidine structure. 

N H - C H ~  NH-CHCH, NH-CHCHs 
I I I I I 

CO CCOOCzHl CO CCOOCsH5 
I I1 I II 

NH-C CH, ~!TH----PO NH-CCH. 

Possibly the normal resistance to reduction of the 5,6-double bond of 
pyrimidine IV was enhanced by the nature and number of the groups 
present on this portion of the pyrimidine nucleus, for usually highly substi- 
tuted structures are more diacult to hydrogenate than the unsubstituted 
ones. For a single example, 1-alkyl-4-piperidones have been hydrogenated 
in five to eight hours by the Adams platinum catalyst, but the sole sub- 
stitution of a carbethoxy group in the 3 position of the piperidine nucleus 
decreased the rate of hydrogenation to fifty hours.* Undoubtedly, the 
resistance to reduction would also be partially dependent on the actual 
position of the groups. So it was of interest to hydrogenate the isomer of 
pyrimidine IV in which the methyl and phenyl groups are interchanged, or 
2-keto-4-methyl-5-carbethoxy-6-phenyl-1,2,3,4-tetrahydropyrimidine, V.9 

(7) Houben, "Die Methodeu der organischen Chemie," Georg Thieme, Leipzig, 1925, Vol. 11, p,  
326. 

(8) Bolyard and McElvain, THIS JOURNAL, 51, 923 (1929). 
(9) The preparation of this pyrimidine from urea, acetaldehyde and benzoylacetic ester is de- 

scribed in the experimental part of this paper, and demonstrates further applicability of this type of 
condensation. Furthermore, since no conversion of the isomers IV and V has been noticed, the 5,6 
double bond of this structure must be somewhat stable. 
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The product of this reduction showed that both the 5,6 double bond and 
the benzenoid nucleus were reduced, and demonstrated the dependence of 
double bond reduction on position in the cycle. Besides the analysis of the 
product, the presence of the hexahydropyrimidine ring was further indi- 
cated by saponification to the carboxylic acid derivative. Treatment of 
these tetrahydropyrimidines IV with alcoholic alkali results in rupture of 
the pyrimidine ring, but reduction of the 5,6-double bond stabilizes the 
ring so that the corresponding pyrimidine-5-carboxylic acids are obtain- 
able on hydrolysis. 

An attempt to hydrogenate 2-keto-4,6-dimethyl-5-carbethoxy-1,2,3,4- 
tetrahydropyrimidine, VI, was made to determine if replacing the phenyl 
group by an alkyl group would alter the resistance of the 5,6-double bond 
to reduction. This substance, in common with the other pyrimidines of 
this series, was too insoluble in ethanol at 20-25O to allow the use of this 
solvent. In 150 ml, of glacial acetic acid there was no reduction of 9.9 g. 
of this pyrimidine during nine hours in the presence of 0.62 g. of platinum 
catalyst. Even after standing thirty-eight hours, it was demonstrated that 
the catalyst still possessed some degree of activity for, after releasing the 
pressure and decanting the solution, it effected complete reduction of 
0.1 mole of maleic acid in 200 ml. of glacial acetic acid in forty-five minutes. 

The selective reduction of the benzenoid nucleus over the 5,6-pyrimidine 
double bond in compound IV made it of interest to hydrogenate a com- 
pound in which the two rings were separated by one or two carbon atoms. 
For this purpose, 2-keto-4-phenylethyl-5-carbethoxy-6-methyl-1,2,3,4- 
tetrahydropyrimidine, VII, was selected. 

Thayer and McElvain10 have reported the reduction over the Adams 
platinum catalyst of certain 1-R-4-piperidones in which R was the phenyl, 
benzyl or phenylethyl group. This catalyst at  20-25O effected the reduc- 
tion of both the aromatic nucleus and keto group when R was phenyl, and 
when R was benzyl the net result was apparently the same, but with a re- 
tarded rate of nuclear hydrogenation. When the two nuclei were sepa- 
rated by two carbon atoms, as when R was phenylethyl, only the keto group 
underwent reduction. 

The 4-phenylethylpyrimidine, VII, on the absorption of three moles of 
hydrogen gave a product which melted sharply at 192.5-1 93.5O, and, as 
shown below, must be the result of aromatic nucleus reduction. The 4- 
styrylpyrimidine derivative, VIII, on hydrogenation to completion ab- 
sorbed four moles and gave a product of m. p. 192.5-193.5O which by analy- 
sis was shown to contain eight additional atoms of hydrogen, or only 
enough to reduce completely the styryl group. The mixed melting point 
of the complete reduction products of the 4-phenylethyl and 4-styryl deriva- 
tives was 192.5-193.5O, so they both must be the 4-p-cyclohexylethyl- 

(10) Thayer and McElvain, THIS JOURNAL, 49, 2862 (1927). 
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tetrahydropyrimidine derivative, X. Therefore, this separation of ben- 
zenoid and pyrimidinoid nuclei did not alter their selective reduction. 

CHz-CH 
NH-CI-ICHzCHz 

3Hz 
NH-CHCH~CH~CH/ \ C H ~  

I I \CH~--CH~/ 
CO CCOOCZHB + I I 

CO CCOOCzH6 

M. p. 183-184' 
VII 

CH-CH 

1 I 
CO CCOOGHb 
I I I  

NH-CCHa 
M. p. 242.5-244.0' 

VIII 
M. p. 170.5-171.5' 

IX (provisional formula) 

The rate of hydrogenation of the 4-styryl derivative was unusually in- 
teresting. Two moles of hydrogen were quickly absorbed in ten minutes, 
whereas the last two were absorbed over a period of three hours. The ex- 
periment was repeated and stopped a t  the perceptible break in the absorp- 
tion rate. It was found that this used catalyst was still active enough to 
carry the reduction of another sample to the same point, thus demonstrat- 
ing the ease of the absorption of the first two moles. The intermediate 
product obtained in all cases melted sharply at  170.5-171.5°, and was shown 
by analysis to contain four additional hydrogen atoms. The sharpness of 
its melting point and its lack of change on recrystallization indicate it to be 
a pure substance. Hydrogenation of other phenylpyrimidines interrupted 
after adsorption of integral moles of hydrogen gave products, evidently 
mixtures, which melted over a 5 to 8' range and changed on recrystalliza- 
tion. On further reduction this intermediate product absorbed two more 
moles of hydrogen to give the product first obtained which melted at  
192.5-193.5'. Since all the hydrogen absorbed by this Pstyrylpyrimidine 
derivative was used only in saturating the four double bonds of the styryl 
group, it seemed most probable that the ethylenic double bond and the 
adjacent double bond in the benzenoid nucleus absorb the first two moles of 
hydrogen as a conjugated system, or through a simultaneous catalytic re- 
action. The two following considerations also indicate that the two double 
bonds are not independent of one another in their reduction or that in any 
case the particular activation which precedes the formation of this inter- 
mediate is derived from the chemical and physical characteristics of this 
4-styryl derivative. 

First, by interrupting the hydrogenation of the 4-phenylethyl deriva- 
tive a t  the absorption of one mole, a product was obtained which melted a t  
171.5-180' and apparently was a mixture. Therefore, this molecule which 
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contained one of the double bonds already saturated could not attain the 
necessary state of activation. Indeed, one does not expect direct catalytic 
hydrogenation of simple benzene nuclei to produce easily pure di- or tetra- 
hydro derivatives, although such hydrogenation of condensed benzene 
nuclei is common. 

Second, the rapid and continuous absorption of the first two moles of 
hydrogen, together with the conception of the possible mechanisms leading 
to the intermediate, would not lead one to expect to isolate a pure com- 
pound if the process were interrupted after the absorption of one mole. 
This was found to be true, for a mixture melting at 191-200' resulted from 
allowing the 4-styryl derivative to absorb one mole of hydrogen. Xn this 
experiment the amount of catalyst was decreased in order that the primary 
process or processes would be more distinct. 

Further data on these pyrimidines will be made available through their 
absorption spectra measurements which are being carried out at Mount 
Holyoke College under the direction of Professor Emma P. Carr. 

Experimental Part 
The reductions discussed in this paper were carried out under 3 atmospheres' 

pressure in the usual hydrogenation apparatus, and with the Adams platinum catalyst." 
The 2-keto-4-R-5-carbethoxy-B-methyl-1,2,3,4-tetrahydropyrimidines in which R 

was the phenyl, methyl, phenylethyl or styryl groups have already been described.12 
Table I contains a summary of the data on the various hydrogenations. After 

filtration of the catalyst, the products were precipitated by pouring the filtrates into 500- 
1000 ml. of water. After washing, the products were recrystallized from dilute alcohol 
or by dissolving in an excess of alcohol and distilling to incipient crystallization. The 
yields express the pure products, the loss being that of one to three recrystallizations. 
The actual amount hydrogenated in each case was chosen so that the total absorption 
would be an integral number (3-7) of gage scale divisions in order that the pressure drop 
could be more accurately interpreted. All melting points were taken with a stand- 
ardized thermometer. The catalyst did not seem to accumulate poisons from these 
reductions so that it could be reworked and used again successfully. The carbon and 
hydrogen analyses were micro determinations carried out in the laboratory of Dr.-Ing. 
A. Schoeller, Berlin-Schmargendorf, Tolzerstrasse 19, Germany. The nitrogen analyses 
were macro Kjeldahl determinations. 

2-Keto-4-methyl-5-carbethoxy-6-phenyl-l ,2,3,4-teyopide,  V.-Three 
grams of urea, 3.3 g. of acetaldehyde, and 12 g. of ethyl benzoylacetate were added to 
25 ml. of glacial acetic acid (10") and then heated on a steam-bath for twenty hours, 
after which four drops of concentrated hydrochloric acid from a 5-ml. pipet were added, 
and the heating continued for another twenty-four hours. After cooling, the solution 
was poured into 200 ml. of water. After several days the oil was removed by long suc- 
tion from the solid which slowly formed. The cake was washed with 50% alcohol; 
crude yield, 6.2 g. After several recrystalliiations from dilute alcohol, crystals were ob- 
tained of the constant m. p. 165-166.5". 

Anal. (micro) Calcd. for Cx4H~6N20~: C, 64.58; H, 6.20; N, 10.77. Found: 
C, 64.53; H, 6.26; N (micro), 10.97, 10.85. 

(11) "Organic Syntheses," John Wiley and Sons, New York, 1932, Coll. Vol. I, pp. 55, 452. 
(12) Folkers. Harwood and Johnson, THIS JOURNAL, 54, 3751 (1932). 
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TETRAHYDROPYRIMIDINES 

Glacial 
acetic 

Amt., Catalyst, acid, Hydrogen, Time, 
R =  mole g. ml. mole hrs. 

1 Phenyl- 
2 Phenyl- 
3 Phenyl- 
4 Cyclohexyl- 
5 Phenylethyl- 
6 Phenylethyl- 
7 Styryl- 
8 Styryl- 
9 Styryl- 

10 2-Dihydrophenylethyl- 

Product 
R -  

Cyclohexyl 

Mixture 
Cyclohexyl 
Cyclohexyl 
Mixture 
2-Cyclohexylethyl 

2-Cyclohexylethyl 
2-Dihydrophenyl- 

ethyl 

Mixture 
2-Cyclohexylethyl 

Yield, 
M. p., OC. % 

Analysis, % 
C H N 

237.5-238.5 64.7 Calcd. 63.11 8.33 10.52 
Found 63.30 8.34 10.37 10.38 

192.5-193.5 
237.5-238.5 
237.5-238.5 
171.5-180 
192.5-193.5 65.3 Calcd. 65.25 8.90 9.52 

Found 65.41 9.00 9.50 9.41 
192.5-193.5 84.4 

170.5-171.5 94.5 Calcd. 66.16 7.60 9.65 
Found 66.36 7.73 9.46 9.41 

191-200 
192.5-193.5 

2 - K e t o - 4 - m e t h y l - 5 - c a r b e t h o x y - 6 - c y c l o h e ~ i x  and one- 
half grams of pyrimidine V was dissolved in 100 ml. of glacial acetic acid and shaken with 
0.7 g. of catalyst under three atmospheres for twenty-four hours. After catalyst filtra- 
tion, practically all the acetic acid was distilled under diminished pressure below 50°, 
and the residue was poured into 175ml. of cold water to precipitate the product. After 
recrystallization from alcohol and water, a melting point of 110-172" showed that re- 
duction was not complete. Hydrogenation was repeated using 0.5 g. of fresh catalyst. 
After drying to constant weight at 60' and 23 mm., the product now melted at 179-181 " 
and was not changed after four recrystallizations. I t  was 2-keto-4-methyl-5-carbethoxy- 
6-cyclohexylhexahydropyrirnidine. 

Anal. (micro) Calcd. for CuH2rN203: C, 62.63; H, 9.01; N, 10.44. Calcd. for 
C14HzzNsOa: C, 63.11; H, 8.33; N, 10.52. Found: C, 62.94, 62.76; H, 8.90, 9.01; N 
(micro), 10.31; N (macro), 10.23, 10.05. 

2-Keto-4-methyl-5-carboxylic acid-6-cyclohexyl-hexahydropyrimidine.-Thirteen- 
hundredths gram of the above ester was refluxed for forty minutes with 25 ml. of 
0.15 N alcoholic alkali. The solution, after dilution and acidification with hydrochloric 
acid, was distilled until all ethanol had been removed. On cooling the residue, the acid 
crystallized, m. p. 290-291" with decomposition. The melting point did not change 
after recrystallization from dilute alcohol. 
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Anal. Calcd. for ClzH~oNpOa: C, 59.96; H, 8.39; N, 11.66. Found: C, 59.71; 
H, 8.36; N, 11.00. 

Summary 
I. The behavior of some 2-ke to-4-alkyl-5-carbethoxy-6-methyl- 1,2,3,4- 

tetrahydropyrimidines on catalytic reduction has been investigated. 
2. I t  has been shown that the 5,6-double bond in such pyrimidine com- 

binations is very resistant to change. 
3. In all cases examined the 4-aryl groups were attacked by hydrogen 

in the presence of the catalyst and reduced to the corresponding hexahydro 
or saturated structure. 

4. In only one case examined, namely, 2-keto-4-methyl-5-carbethoxy- 
6-phenyl-1,2,3,4-pyrimidine, where phenyl is substituted on carbon ad- 
jacent to the 5,6-double bond, did we succeed in reducing the 5,6-double 
bond in the pyrimidine ring. 

5. The pharmacological behavior of these highly reduced structures is 
now under investigation. 

NEW HAVEN, CONNECTICUT RECEIVED SEPTEMBER 1, 1932 
PUBLISHED MARCH 7. 1933 

A Study of the Toxicity of Rotenone Hydrochloride, Acetyl- 
rotenone and Rotenolone Using the Goldfish as the Test 

Animal1 

The toxicological examination of derivatives of rotenone and related 
compounds with the use of the goldfish as the test animal has been con- 
tinued in this Laboratory with the threefold hope of discovering a material 
more toxic and more stable than rotenone, and at the same time securing 
data by which a correlation may be made between the toxicity and chemical 
structure. The method used by the author has been described in a pre- 
vious paper2 and studies by that method of some of the compounds have 
also been This paper presents the results of a similar ex- 
amination of rotenone hydrochloride, acetylrotenone and rotenolone pre- 
pared in the Insecticide Division of the Bureau of Chemistry and Soils. 

Rotenone hydrochloride (m. p. 193') was prepared from rotenone by 
H. L. Haller according to the method of S. Takeis The compound is 
formed by the addition of hydrochloric acid at the double bond of the 

(1) Presented before the Division of Agricultural and Food Chemistry at the Meeting of the 
American Chemical Society, Denver, CoIo., August 22-26, 1932. 

(2) Gersdorff, THIS JOURNAL, 52, 3440-3445 (1930). 
(3) Gersdorff, ibid., 52, 5051-5056 (1930). 
(4) Gersdorff, ibid., 53, 1897-1901 (1931). 
(5) Takei, Bn., 61B, 1003-1007 (1928). 



tubaic acid side chain. Its structure, now that the formula for rotenone 
has been e~tablished,~ is shown by the formula 

Acetylrotenone (m. p. 135O) was prepared7 by the treatment of rotenone 
with acetic anhydride. The compound is an en01 acetate as shown by its 
formula 

Rotenolone (m. p. 140-141') was prepared8 by the saponification of the 
acetate obtained as one of the products of the reaction of iodine on a hot 
alcoholic solution of rotenone and potassium acetate. The hydroxyl group 
replaces the hydrogen attached to one of the adjacent asymmetric carbon 
atoms of rotenone, as 

Which of these two formulas is correct has not yet been established. 
The two lots of fishes used in these tests were slightly larger than the 

fishes used for the determination of the toxicity curves for rotenone and 
some of its derivatives in 1930,"nd apparently somewhat more resistant 

(6) LaForge and Haller, THIS JOURNAL, 64, 810-818 (1932). 
(7) Smith and LaForge, ibid., 64, 2996-3000 (1932). 
(8) LaForge and Smith, ibid., 6% 1091-1098 (1930). 
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as shown in Table I. In this, comparisons are made of the three lots of 
fishes a t  two concentrations of rotenone. 

RESISTANCE OF THREE LOTS OF GOI.DFISHES TO ROTENONE AT 27 
No. of Mean sur- 

Lot no. Conm., mg. fishes Mean wt. vival.time, 
of fishes per liter used of fishes, g, m ~ n .  

1 0.10 12 2.3 95 
2 . S O  5 2.4 114 
3 .10 8 2 .4  123 
1 .05 11 2 .2  150 
2 .05 10 2 .7  180 
3 .05 12 2.3 177 

Mean length Mean weight 
Concn., mg. No. of of fishes, 100 of fishes,= Mean surv. M~~~ - 

per liter fishes used mm. g. time, min. surv. time 

2.2 128 0.83 
2 .2  125 .89 
2.1 124 .84 
2.2 127 .87 
2 .2  130 .82 
2.2 138 .74 
2.3 181 .60 
2 .4  212 .51 
2.3 273 .46 
2.3 386 .28 

~ i ~ h t  fishes, 98OC, two . 12C 
still active after 72 hrs. 

~pparently unaffected, 72 hrs. 

a Estimated from length. Fishes not measured, but of same approximate size. 
" These figures are only approximate since a large number of fishes would be required to 
give an accurate mean value. The reciprocal of the survival time of a fish surviving the 
test is taken as zero, since the reciprocal of any survival time longer than the test would 
be negligibly small. 

The rotenone curves were obtained from tests made with fishes from lot 
number 1, the acetylrotenone and rotenolone curves from lot number 2, and 
the rotenone hydrochloride curves from lot number 3. Lots 2 and 3 are 
considered identical since the differences fall within experimental error. 

The toxicity data are given in Tables I1 to IV. The survival time 
curves and the velocity of fatality curves, which were plotted from these 
data, are given in Fig. 1 and 2. 

Comparative data obtained from the velocity of fatality curves are given 
in Table V. In each case the straight line which is an approximation of 
that portion of the curve corresponding to the greatest rate of increase in 
the velocity of fatality with increase in concentration is prolonged to cut the 
x-axis at a point designated a; the slope of this line is designated tan 6. 



TOXICITY OF ACETYLROTENONE TO GOLDFISH AT 27.0 + 0.2' 
Mean length ,Mean weight 

Concn., mg. No. of of fishes, of fishes.5 Mean surv. M~~~ 
per liter fishes used mm. g. time, min. surv. time 

0.50 12 44 2.6 98 1.08 
.25 12 42 2.3 96 1.06 
.15 8 47 3 .1  120 0.87 
.10 20 43 2.4 180 .60 
.075 19 42 2.3 229 .49 
.050 16 44 2.6 362 .31 
.025 14 43 2.4 Ten fishes. 365". Four .2OC 

fishes still active after 48 hrs. 
.020 8 37 (5) 1.6 Five fishes, 904'. Three .l3' 

fishes still active after 30 hrs. 
.015 6 41 2.2 One small fish, 670'. .02" 

five fishes still active after 49 hrs. 
.010 7 b Two small fishes affected a t  first 

but apparently recovered. 
All active after 27 hrs. 

a, b and c as in Table 11. 

Mean length Mean weight 
Concn., mg. No. of of fishes of fishes? Mean surv. M~~~ 100 

per liter fishes used mm. g. time, min. surv. time 

2.2 118 0.89 
2.4 122 .84 
2.3 136 .80 
2.4 143 .72 
2.6 178 .59 
2.7 199 .52 
2.3 250 .42 
2.1 358 .28 
2.2 448 .26 
2.4 856' . 12e 
' Apparently unaffected 

in 52 hrs. 
a, b and c as in Table 11. 

TABLE V 
COMPARATIVE TOXICITY AT 27' OF ROTENONE HYDROCHLORIDE, ACETYLROTENONE 

a m  ROTENOLONE TO GOLDFISH 

a5, tpg. Tan0 b Minimum surv. 
Substance per l~ter liters per mg. per min. time, miu. 

Rotenone hydrochloride <O .002 0.22 125 
Acetylrotenone < .002 .067 95 
Rotenolone .020 .011 115 

@ The theoretical threshold of toxicity, i. e., the concentration necessary to just 
kill. * The rate of increase of the theoretical velocity of fatality with increase in con- 
centration. These values express the volume of water which must be added, throughout 
this portion of the curve, to any solution containing one milligram of the toxic substance 
in order to increase the survival time one minute. 
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In this way values are obtained for the theoretical threshold of toxicity, 
that is, the concentration below which the substance does not cause death, 

Milligrams per liter. 
Fig. 1.-Survival time curves. 

and the rate of increase of the theoretical velocity of fatality with increase 
in concentration. The minimum survival time is approximated from the 

Milligrams per liter. 
Fig. 2.-Velocity of fatality curves. 

original data when the higher concentration portion of the survival time 
curve has become practically a horizontal line. This is assumed to occur 



when the survival times corresponding to concentrations, one of which is 
double the other, do not differ by more than 5%. The values are probably 
a little higher than that of the asymptote but they will serve for a practical 
comparison of the substances a t  this portion of their curves. 

I t  was pointed out, when Powers' formula -\/tan @/a was first used as a 
measure of the relative toxicities of ~ubstances,~ that this formula

g 
was not 

all that could be desired since the effect of the threshold value was thought 
to  be too great and a third factor, the toxicity a t  the high concentrations as 
expressed by the portion of the survival time curve closely approaching 
the horizontal asymptote (corresponding therefore to the minimum sur- 
vival time), was not considered a t  all. In the present study, these points 
are emphasized even more, since by use of this formula rotenone hydro- 
chloride appears to have a toxicity ten times that of rotenone and even 
acetylrotenone appears to have a toxicity somewhat greater than rotenone. 
These values do not express the true relationship as shown by the curves. 
The former express the relationship between the toxicities of the substances 
only a t  their thresholds of toxicity and immediately beyond and may be 
misleading as a comparative guide for pest control work in which the toxic 
concentrations used are likely to be on or near the horizontal limb of the 
survival time curve. The use of tbis formula is therefore discontinued. It 
is still hoped that by obtaining toxicological data on other related com- 
pounds and by developing, if possible, a criterion more suitable for the 
expression of relative toxicity, the effect of a change in chemical structure 
on toxicity may be expressed arithmetically as well as graphically. 

Conclusions 

Solutions of rotenone hydrochloride and acetylrotenone become toxic to 
goldfish a t  very low concentrations, less than 0.002 mg. per liter, but with 
solutions of rotenolone the theoretical threshold of toxicity is 0.020 mg. per 
liter. The theoretical velocity of fatality of rotenone hydrochloride in- 
creases with increase in concentration a t  a higher rate than do those of 
acetylrotenone and rotenolone (about three and one-third and twenty times 
as much, respectively). The minimum survival times of these three sub- 
stances, in the order, acetylrotenone, rotenolone and rotenone hydro- 
chloride are ninety-five, one hundred and fifteen and one hundred and 
twenty-five minutes. 

WASHINGTON, D. C. RECEIVED SEPTEMBER 3,1932 
PUBLISHED MARCH 7,1933 

(9) Powers, Ill. Biol. Mono., 4 (2) (1917). 



The Condensation of 2-Butanone with Normal Aliphatic 
Aldehydes1 

In a previous paper2 it was shown that when 2-butanone reacts with 
n-butyraldehyde the condensation takes place through the inethylene group 
of the ketone. This is also the case in its reaction with formaldehydeS 

and a~etaldehyde.~ On the other hand Thoms and Kahreb have shown 
that the reaction between 2-butanone and isobutyraldehyde yields 2- 
methyl-3-heptene-5-one, (CHs)2CHCH=CHCOC2H5. In view of this 
difference in behavior it seemed desirable to investigate the reaction be- 
tween 2-butanone and other aldehydes. 

It was found that the condensation of 2-butanone with propionaldehyde, 
n-valeraldehyde and n-heptaldehyde takes place through the methylene 
group of the ketone. From these results and those previously obtained in 
the cases of formaldehyde, acetaldehyde and n-butyraldehyde, it appears 
that the normal aliphatic aldehydes in general react in this manner with 
2-butanone. As Thoms and Kahre have shown that the branched-chain 
isobutyraldehyde brings about a different reaction, an investigation of 
the reaction between 2-butanone and other branched-chain aldehydes is 
now under way. 

The constitution of the condensation product was determined in each 
case by dehydration of the aldol to the unsaturated ketone and reduction of 
this to the corresponding saturated alcohol. In the case of propionalde- 
hyde this saturated alcohol was found to be identical with the 3-methyl-2- 
hexanol described by B jelouss6 and on oxidation yielded a ketone identical 
with the 3-methyl-2-hexabone obtained by the hydrolysis of ethyl methyl- 
n-propyl-acetoacetate. The structures of the alcohols obtained from n- 
valeraldehyde and n-heptaldehyde were determined by oxidation and iden- 
tification of the resulting acids as n-valeric and enanthic acids, respectively. 

The condensation. dehydration, reduction to the saturated alcohol, 
and oxidation of this to the saturated ketone were carried out as described 
in the previous paper.2 

In Table I are listed the new compounds prepared. 
Identification of the Acids Obtained by Oxidizing 3-Methyl-2-octanol 

and 3-Methyl-2-decano1.-The alcohols were oxidized by boiling with a 
(1) This paper is based in part upon theses presented by Hazel C. Murray and Maynard M. 

Baldwin in partial fulfilment of the requirements for the Master's degree. Original manuscript 
received January 19, 1931. 

(2) Powell, Tars JOURNAL, 46, 2514 (1924). 
(3) U. S. Patent 981,668. 
(4) Salkind, J. Russ. Phys.-Chem. Soc., 37, 484 (1905). 
(5) Tkoms and Kahre, Arch. Pharm., 263, 241 (1925). 
(6) Bjelouss, Bcr., 45, 625 (1912). 



TABLE I 
B. p., O C .  Mm. 

94-96 20 
98 16 

147 23 
142-145 
64-65 18 

121 20 
75 15 

125 19 

& Yield, OJ, 
0.939(22') 61 

.9167(2g0) 35 

.889 (22O) 50 

.828 (25") 57 

.832 (27") 52 

.823 (20") 43 

.831 (27") 47 

.834 (23") 43 
c Analyses, % - 

Calcd Found 
C H C H 

mixture of sodium dichromate and sulfuric acid. The water-insoluble 
acid obtained from 3-methyl-2-octanol boiled a t  183 " (uncorr.) ; b. p. of 
n-valeric acid is 185". Titration with standard alkali gave equivalent wt. 
102; calcd. for valeric acid, 100. 

The water-insoluble acid obtained from 3-methyl-2-decanol boiled a t  
220" (corr.); b. p. of enanthic acid is 224". The amide, obtained by 
treatment with thionyl chloride and then ammonia, melted a t  95' as did a 
mixture of it with enanthamide. 

The water-soluble acid in each case was identified as acetic acid by 
conversion into the p-bromophenacyl ester by the method of Reid and 
Judefind.' 

Summary 
1. 2-Butanone has been found to react with propionaldehyde, n- 

valeraldehyde and n-heptaldehyde through the methylene group. 
2. Several new derivatives of 3-methylhexane, 3-methyloctane and 3- 

methyldecane have been prepared. 
SEATTLE, WASHINGTON RECEIVED SEPTEMBER 6, 1932 

PUBLISHED MARCH 7, 1933 

(7) R e i d  and Judef iud,  THIS JOURNAL, 42, 1083 (1920). 
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[CONTRIBUTION FROM THE LABORATORY OF ORGANIC CHEMISTRY OF THE UNIVERSITY OF 
WISCONSIN] 

The Reaction of Organic Halides with Piperidine. 111. 
Cyclohexyl Bromide and the Butyl Bromides 

In the first paper1 of this series cyclohexyl bromide was found to differ 
very markedly from other secondary bromides both in the rate and the 
course of its reaction with piperidine. It was suggested then that the 
greater reactivity of the open chain secondary bromides might be due to 
their rearrangement to the more reactive primary structure, a transforma- 
tion which cyclohexyl bromide cannot undergo without rupture of a 
carbon to carbon linkage. The validity of this hypothesis has now been 
tested by an investigation of the tertiary amines produced in the reaction 
of piperidine with cyclohexyl bromide and each of the four butyl bromides. 
This work has led to the isolation of four different N-butyl-piperidines, a 
result which definitely shows that the above explanation for the relative 
inertness of cyclohexyl bromide has no experimental justification. 

Experimental 
Materials Used.-The piperidine and petroleum ether were prepared as previously 

described.l Isobutyl bromide was prepared according to Noller2 and cyclohexyl bro- 
mide by the procedure of Kamm and M a r ~ e l . ~  n-Butyl, sec-butyl and tert-butyl bro- 
mides were prepared by the Norris procedure.4 The tertiary butyl alcohol which was 
used melted a t  22-25O.6 

General Procedure 

The procedure which has been described1 for carrying out the reaction of piperidme 
with various alkyl bromides was used with the following modifications: (a) the larger 
quantities of reactants used in the work now reported required Pyrex bomb tubes in- 
stead of test-tubes for the reaction; (b) the temperature of the reaction was raised to 
150-155" in order that a greater amount of reaction might take place within a given 
time; (c) after removal of the piperidine hydrobromide, the unreacted piperidine was 
precipitated as piperidine thiocarbamates with carbon bisulfide;' (d) when all of the 

(1) Semb and McElvain, THIS JOURNAL, 63, 690 (1931). 
( 2 )  Noller, ibid., 63, 635 (1931). 
(3) "Organic Syntheses," Vol. I, 1921, p. 1. 
(4) Norris, Am. Chem. J., 38, 639 (1907). 
(5) In some earlier experiments tertiary butyI alcohol melting a t  10-16O was used to  prepare the 

bromide. This bromide, however. gave a tertiary amine hydrochloride which after recrystallization 
gave analyses corresponding to  a N-propylpiperidine hydrochloride. By comparison with an authentic 
specimen, this hydrochloride was found to be N-isopropylpiperidine hydrochlotide, m. p. 272-273.; 
C1, calcd.: 21.67; found, 21.64. This compound undoubtedly resulted from small amounts of iso- 
propyl alcohol in the tertiary butyl alcohol. The tertiary amine hydrochloride prepared from tertiary 
butyl alcohol, m. P. 22-25', not only gave correct analyses, but when mixed with N-isopropylpiperidine 
hydrochloride melted a t  260-264O. 

(6) Ladenburg and Roth, Ber.. 17, 514 (1884). 
(7) This procedure was found to give just as satisfactory results as the one using phenyl iso- 

cyanate as a precipitant for the unreacted piperidine.1 The handling of the carbon bisulfide precipi- 
tate was the same as that used for piperidinoformanilide. Several precipitations of known quantities 
of piperidine from a petroleum ether solution by carbon bisulfide showed that 95% of the piperidine 
cou!d be recovered. 
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piperidine had been removed from the petroleum ether solution the tertiary amine was 
precipitated as the hydrochloride with dry hydrogen chloride. These hydrochlorides 
then were recrystallized from an alcohol-ether mixture. 

Table I summarizes the pertinent data which were obtained. Column A 
shows the amount of piperidine used with each bromide. A relatively 
large amount of reactants was necessary in the case of tertiary butyl 
bromide in order that sufficient tertiary amine could be obtained. The 
ratio of one mole of the bromide to two moles of piperidine was used in each 
reaction. Column C shows the moles of piperidine hydrobromide which 
precipitated from the reaction; therefore the percentages in parentheses 
indicate the extent of each reaction. Column D shows the amounts of 
piperidine precipitated by carbon bisulfide as piperidine thiocarbamate and 
the percentage values in parentheses are based on one-half of the piperidine 
used. Column E gives the yields in moles and percentage of the tertiary 
amines. Column F shows the amounts in moles and the percentage of the 
total piperidine used which was accounted for as piperidine hydrobromide, 
piperidine thiocarbamate and N-alkylpiperidine hydrochloride. 

TABLE I 
REACTION OF PIPERIDINE WITH VARIOUS ALKYL BROMIDES AT 150-155' 

A B C D E F 
Moles X 10 

Re- Moles X 10 Moles X 10 tertiary Total piperi- 
Moles X 10 action piperidine unreacted amtne dine recov- 

Alkyl plpen- tlme, hydro- piperidine hydro- ered C + D + E 
group dine used hr. bromide (%) (%I0 chloride (%) (%) 

n-Butyl 0 . 4  48 0.20(100) 0.00 0.179 (89) 0.379 (95) 
Sec-butyl 0 . 4  48 0.195 (98) .027 (13) .I54 (77) 0.376 (94) 
Isobutyl 0 . 4  48 0.193(98) .OO .I80 (90) 0.373 (93) 
Tert-butyl 2 . 4  48 1.11 (92) .838 (70)~ .036 (3) 1.982 (83) 
Cyclohexyl 0.8  120 0.386 (97) .267 (67) .I11 (28) 0.764 (95) 

Determined as piperidine thiocarbamate by precipitation with carbon bisulfide. 
This value is probably low because of the pressure developed in the reaction tube and 

consequent loss of piperidine when the tube was opened and this pressure released. 

The properties and analyses of the tertiary amine hydrochlorides 
(Column E, Table I) are summarized in Table 11. 

TABLE I1 
N-ALKYLPIPERIDINE HYDROCHLORIDES~ 

Analyses, % 
~ C a l c d .  - -Found ------ 

Alkyl group Formula M. p., "C. C H C1 C H C1 

n-Butyl CgHzoNCl 239-240 60.81 11.35 19.96 60.80 11.22 19.98 
Sec-butyl CsHzaNCl 208-209 60.81 11.35 19.96 61.01 11.25 20.02 
Isob~tyl  CgH&NCl 257-25gb 60.81 11.35 19.96 60.75 11.40 19.93 
Tert-butyl CgH2aNCI 268-26gb 60.81 11.35 19.96 60.75 11.26 20.14 
Cyclohexyl CIIH~ZNCI 2 9 2 - 2 ~ 3 ~  64.33 10.90 17.49 64.40 10.93 17.44 

These compounds were obtained by recrystallization of the hydrochlorides of 
Column E, Table I, from an alcohol-ether mixture. The recovery of the recrystallized 
products varied from 6545%. It is believed that these recrystallization losses were 
largely manipulative. ~ h e s e  compounds melt with decomposition. 
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The free tertiary amines were isolated from the above hydrochlorides in 
the cases of la-butyl, sec-butyl and isobutyl piperidme. The amounts of 
N-tertiary-butylpiperidine hydrochloride obtained from the reaction of 
tertiary butyl bromide were so small that the isolation of the free base was 
not a t tem~ted .~  The properties and analyses of these tertiary amines are 
given in Table 111. 

TABLE I11 
N-BUTYI,PIPERIDINES 

B. p , OC. ,p5 4: N analyses, 
N substituent (740 mm.) D Calcd. Found 

n-Butyl' 171-172 0.8210 1.4442 . . . . 
Sec-butyl 169-170 .8334 1.4468 9 .92  9 .73  
lsobutylb 160-161 .a161 1.4382 9 .92  9 .87  

" This compound has been reported by Gibson and Macbeth [I. Chem. Soc., 119, 
438 (1921)l as boiling at 170-172'. Hjortdahl, Jahresb., 1085 (1882), reports the 
chloroplatinate of this amine. 

Discussion of the Results 

I t  is seen from Tables I and I1 that four different N-butylpiperidines are 
formed from the reaction of piperidine with the four butyl bromides. 
This fact seems to be definite proof that these bromides react to form ter- 
tiary amines without previous rearrangement. A comparison of the 
data for secondary butyl bromide and cyclohexyl bromide given in Table 
I shows that the difference in behavior of these secondary bromides is one 
of degree rather than kind. When the reaction of secondary butyl bromide 
with piperidine is forced practically to completion, a yield of tertiary 
amine lower than those from the primary butyl bromides is obtained and 
the amount (13%) of unreacted piperidine (Column D) shows that some 
loss of hydrogen bromide to form the unsaturated hydrocarbon has taken 
place. This latter reaction is confirmed by the fact that the petroleum 
ether solution, after removal of the unreacted piperidine, rapidly de- 
colorizes a bromine solution. Cyclohexyl bromide also shows these two 
types of reaction, only in this case the relative amounts of tertiary amine 
formation and loss of hydrogen bromide are the reverse of those obtained 
from secondary butyl bromide. On the basis of these data the results 
reported in the first paper1 of this series do not appear anomalous. I t  
should be noted that the tertiary amines are formed directly from the 
reaction of the bromide with piperidine rather than through the addition 
of the latter compound to the unsaturated hydrocarbon, since it was 
found that the substitution of cyclohexene for cyclohexyl bromide gave no 
isolable quantity of tertiary amine under the same conditions of reaction 
that produced a 28% yield of the tertiary amine from the bromide. 

(8) Velghe [Bull. Sci. Acad. Roy. Bclg., [5]  11, 801 (1925); Chem. Abstracts, 20, 1053 (1926)) 
reports N-tertiary-butylpiperidine, b. p., 166'. from the reaction of a-piperidinoisobutyronitrile with 
rnethylrnaga~r~iutq bromide. 



Noller and Dinsmore: in a recent study of the reaction of alkyl bromides 
with pyridine, have shown that the loss of hydrogen bromide and the forma- 
tion of alkyl pyridinium bromides are distinct, but simultaneously occurring 
reactions. I t  is quite probable also that in the reaction of alkyl halides with 
secondary amines the relative rates of two independent reactions, the 
loss of halogen acid and tertiary amine formation, determine the course 
of the reaction, since the data for the reaction of alkyl bromides with 
piperidine in Table I appear, in general, to be quite similar to those re- 
ported by Noller and Dinsmore. 

Summary 
The isolation of four different N-butylpiperidine hydrochlorides from 

the reaction of piperidine with the butyl bromides has demonstrated that 
these bromides, in this reaction, do not rearrange previous to reaction. 
The difference between the behavior of cyclohexyl bromide and other 
secondary bromides has been found to be one of degree rather than kind. 

(9) Noller and Dinsmore, THIS JOURNAL, 64, 1025 (1932). 
MADISON, WISCONSIN RECEIVED SEPTEMBER 6, 1932 
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Diarsyls. V. Reactions of Tetraphenyldiarsyl 
BY F. F. BLICKE, R. A. PATELSKI AND L. D. POWERS 

Tetraphenyldiarsyl reacts with sulfur to form tetraphenylarsyl sulfide; 
with sulfur chloride, diphenylchloroarsine and sulfur were obtained; with 
thionyl chloride the reaction products were diphenylchloroarsine, sulfur 
dioxide and sulfur. 

Bromocyanogen and the diarsyl yield diphenylbromoarsine; triphenyl- 
arsine is formed when the diarsyl reacts with phenylmagnesium bromide. 

Interaction with arsenic trichloride proceeds rapidly with the formation 
of diphenylchloroarsine and arsenic in practically quantitative yield; 
when phenylarsine oxychloride was used the reaction products were di- 
phenylchloroarsine and phenylarsine oxide. 

Phosphorus trichloride and the diarsyl yield diphenylchloroarsine. 
Tetraphenyldiarsyl, dissolved in benzene, was shaken with liquid sodium- 

potassium alloy. The colorless benzene layer soon became intensely yellow- 
brown in color and a very decided change was noticed in the appearance of 
the alloy, a change which we attribute to the formation of the potassium, 
or sodium derivative of diphenylarsine. Bromobenzene was added to the 
mixture and, after some time, evaporation of the benzene layer yielded 
oily triphenylarsine; the latter was isolated in the form of the methyl iodide 
addition product, methyltriphenylarsonium iodide, since this substance is 
easier to purify, in small amounts, than triphenylarsine. 
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Each of the following compounds which contain reactive halogen at- 
tached to carbon was mixed with tetraphenyldiarsyl, dissolved in benzene, 
and allowed to remain at room temperature for twelve hours: acetyl chlo- 
ride, benzoyl chloride, benzophenone chloride, 2,4-dinitrobromobenzene 
and tetraphenyldi~hloroethane.~ In each instance approximately 80% 
of unchanged diarsyl was recovered. 

It was thought possible that ethylene oxide might react with tetra- 
phenyldiarsyl, dissolved in benzene, to form diphenyldiphenylarsyloxy- 
ethylarsine, (C~H~)~AS-CH~CE-I~-@-AS (CsHb)Z ; the diarsyl, however, was 
recovered unchanged. 

Tetraphenyldiarsyl is not affected by cold halogen acids or alkali. 

Experimental Part 
All of the reactions described below were carried out in a free-radical bulb in an at- 

mosphere of nitrogen. Absolute grades of alcohol and ether were used and all solvents 
were saturated with nitrogen prior to use. 

Unless otherwise indicated the tetraphenyldiarsyl was prepared from 3.56 g. 
(0.01 mole) of diphenyliodoarsine, 1 cc. of mercury and 90 cc. of dry benzene. The mix- 
ture was shaken for twelve hours and then siphoned through a filter into a radical bulb. 
I t  has been shown previously that by this method a yield of a t  least 90% of pure di- 
arsyl is obtained. All of the yields of the various reaction products described below 
were calculated on the assumption that 0.01 mole of the iodoarsine yielded 0.009 mole 
of the diarsyl. 

Sulfur.-To the diarsyl solution there was added 0.15 g. of sulfur, dissolved in car- 
bon disulfide. After twenty-four hours the solvents were removed by distillation under 
reduced pressure, the oily residue dissolved in ether, the solution poured into a beaker 
and concentrated. Tetraphenylarsyl sulfide separated in crystalline condition. The 
yield was 1.9 g.; calcd. yield 2.2 g.; mixed m. p. 61-6202 after recrystallization from 
alcohol. 

Sulfur Chloride.-The diarsyl solution was mixed with 0.67 g. of sulfur chloride 
dissolved in 20 cc. of benzene. The mixture became opaIescent a t  once and a tan- 
colored precipitate of sulfur soon formed. After twenty-four hours the benzene solu- 
tion was rose colored, due probably to the presence of sulfur in a colloidal state. The 
mixture was filtered, all of the solvent removed and the crystalline residue dissolved in 
alcohol. Upon concentration of the alcoholic solution 1.8 g. of diphenylchloroarsine 
was obtained; calcd. yield 2.4 g.; m. p. 42-43 

The reaction takes place equally well in ether but in this instance the solution does 
not become pink in color. 

Thionyl Chloride.-Six-tenths of a gram of thionyl chloride, dissolved in 20 cc. of 
benzene, was allowed to react with the diarsyl solution. The same observations were 
made as recorded in the preceding experiment. There was obtained 1.8 g. of diphenyl- 
chloroarsine; calcd. yield 2.4 g.; m. p. 4243 ". 

Br0mocyanogen.-The solution of the diarsyl was treated with 1.06 g. of bromo- 
cyanogen,* dissolved in 20 cc. of benzene. After four days a small amount of a tan- 
colored precipitate, presumably polymerized cyanogen, had formed. The mixture was 
filtered, the solvent removed from the filtrate and the residue recrystallized from alcohol. 

(1) Finkelstein, Be?.. 43, 1533 (1910). 
(2) Michaels. Ann., 321, 141 (1902). 
(3) Blicke and Smith, THIS JOURNAL, 61, 1564 (1929). 
(4) "Organic Syntheses," John Wiley and Sons, Inc., New York, 1931, Vol. XI, p. 11. 



The product, diphenylbromoarsine, melted a t  52-53°.5 The yield was 2.2 g., calcd. 
yield 2.8 g. 

Phenylmagnesium Bromide.-Phenylmagnesium bromide, obtained from 4.81 g. 
of bromobenzene, 0.72 g. of magnesium and 20 cc. of ether, was added to the diarsyl 
solution. After twelve hours the mixture was removed from the radical bulb and de- 
composed with ice and ammonium chloride. The benzene-ether layer was shaken with 
sodium hydroxide solution, the aqueous layer separated and the organic solvents re- 
moved. The gummy residue was triturated with petroleum ether (30-60') in order to 
dissolve the triphenylarsine and the solvent allowed to evaporate from the petroleum 
ether extract. The residue was treated with warm 95% alcohol, the alcoholic solution 
concentrated and inoculated with a crystal of triphenylarsine. After the material had 
become crystalline it was recrystallized from alcohol; m. p. 60-61 0;6 yield 1 g. 

Arsenic Trichloride.-A solution prepared from 0.70 g. of arsenic trichloride and 
20 cc. of benzene, was added to the diarsyl solution. The mixture became cloudy imme- 
diately and a red brown, amorphous precipitate of arsenic formed.6 After twelve hours 
the mixture was filtered, the solvent removed from the filtrate and the residue recrys- 
tallized from alcohol. The product, diphenylchloroarsine, melted at  4i-42O; yield 
2.3 g . ;  calcd. yield 2.4 g. 

Phenylarsine 0xychloride.-One and two-tenths grams of phenylarsine oxy- 
chloride,? dissolved in 90 cc. of dry benzene, was added to the diarsyl. A transitory 
lavender color was noticed. After several hours the solution was concentrated, poured 
into a beaker and all of the solvent removed. When the oily residue was rubbed under 
ether it became crystalline and the diphenylchloroarsine dissolved in the solvent while 
the phenylarsine oxide remained undissolved. The ether solution was decanted and the 
process repeated until a complete separation had been effected. There was obtained 
1.9 g. of diphenylchloroarsine; m. p. 41-42'; calcd. yield 2.4 g. The phenylarsine 
oxide weighed 0.73 g.; m. p. 144-147'; calcd. yield 0.74 g. 

Phosphorus Trichloride.-The benzene was removed from the diarsyl solution and 
after the solid material had been dissolved in 90 cc. of carbon tetrachloride there was 
added 0.46 g. of phosphorus trichloride, dissolved in 20 cc. of carbon tetrachloride. 
After twelve hours the solvent was removed, the yellow, oily residue treated with ether 
and after some time the solution was filtered from insoluble material. The diphenyl- 
chloroarsine obtained from the ether solution was recrystallized from alcohol; yield 
0.6 g. ; mixed m. p. 3 7 4 1  ". 

Sodium-Potassium Alloy.-Liquid sodium-potassium alloy, prepared under xylene 
from 1.2 g. of sodium and 1.0 g. of potassium, was washed free from the liquid medium 
and added to the diarsyl solution. After the mixture had been shaken for twelve hours 
i t  consisted of a yellow-brown benzene layer, black, suspended particles and unchanged 
alloy. There was then added 12.2 g. of bromobenzene. The mixture became warm 
and after it had been shaken for three hours it was filtered, the solvent removed from the 
filtrate and the red-brown gummy residue subjected to steam distillation in order to re- 
move biphenyl. Since the product could not be obtained in a solid state it was refluxed 
with 3 cc. of methyl iodide for several hours in order to convert the triphenylarsine into 
methyltriphenylarsonium iodide. The latter was obtained in the form of crystals con- 
taminated by an oil. The material was extracted with hot water and the aqueous solu- 
tion boiled with charcoal. The methyltriphenylarsonium iodide obtained from the 
filtrate weighed 1.6 g.; mixed m. p. 72-73 ".a 

(5) Sachs and Kantorowicz [Bcr., 41,2788 (1908)] recorded the melting point as 60.5'. 
(6) The precipitate was dissolved in nitric acid, the solution evaporated to dryness and the residue 

treated with hydrochloric acid; when hydrogen sulfide was passed into the solution yellow arsenious 
sulfide was obtained. 

(7) Michaelis, Ann., 201, 202 (1880). 
(8) Michaelis, ibid., 821, 166 (1902). 
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Summary 

I t  has been shown that tetraphenyldiarsyl reacts readily with the follow- 
ing substances: sulfur, sulfur chloride, thionyl chloride, bromocyanogen, 
phenylmagnesium bromide, arsenic trichloride, phenylarsine oxychloride, 
phosphorus trichloride and sodium-potassium alloy. 

Compounds which contain reactive halogen attached to carbon, such as 
acetyl chloride, benzoyl chloride, benzophenone chloride, 2,4-dinitrobromo- 
benzene and tetraphenyldichloroethane, as well as ethylene oxide, do not 
react with the diarsy:, in benzene solution, at ordinary temperature. 

ANN ARBOR, MICHIGAN RECEIVED SEPTEMBER 6, 1932 
PUBLX~HED MARCH 7, 1938 

A Study of Phenyl- and Diphenylarsine 

Phenylarsine, dissolved in bromobenzene, absorbs oxygen very rapidly 
a t  first; the absorption then proceeds at  a slower rate until the material 
has absorbed approximately one molecular equivalent of the gas. When 
the arsine was exposed to air we obtained the same oxidation products 
mentioned by Dehnl but the relative amounts varied in diierent experi- 
ments. Phenylarsine and sulfur react to form phenylarsine sulfide and 
hydrogen sulfide. 

It has been reported2 that phenylarsine reacts with iodine, dissolved 
in potassium iodide solution, to yield phenylarsonic acid and phenyldi- 
iodoarsine. It has been shown that two molecular equivalents of this ar- 
sine, dissolved in ether, reacts instantly with four molecular equivalents 
of iodine to form phenyldiiododiarsine in quantitative yield. However, 
when only two molecular equivalents of iodine are used arsenobenzene is 
formed and by the use of three equivalents diphenyldiiododiarsyl is ob- 
tained. 

Equimolecular quantities of phenylarsine and triphenylarsine dichloride 
react in accordance with the following equation 

2CsH&FIa -+ 2(CaHs)aAsClz = 2(CsHs)aAs + CtjHsAs=AsCeHs + 4HC1 

Dehn and Wilcox3 reported that diphenylarsine, when allowed to oxidize 
in air, was converted almost completely into diphenylarsinic acid; a very 
small amount of tetraphenylarsyl oxide was also obtained. We found that 
diphenylarsine, dissolved in bromobenzene, absorbs oxygen as rapidly as a 
solution of triphenylnlethyl or tetraphenyldiarsyl. The quantity of oxygen 
absorbed was approximately that required for the interaction of the arsine 

(1) Dehn, Am. Chem. J., 33, 149 (1905). 
(2) Dehn, ibid., 33, 161 (1905); Fleury, Bull. soc. chim., 141 27, 490 (1920). 
(3) Dehn and Wilcox, Am. Chem. J.,  36, 47 (1906). 



with two molecular equivalents of the gas. Diphenylarsinic acid was iso- 
lated as an oxidation product in 93% yield. 

I t  might be expected that the initial product of oxidation would be the 
unstable diphenylhydroxyarsine, (CsH&As(OH), which would decompose 
spontaneously into tetraphenylarsyl oxide. Diphenylarsinic acid might 
then be formed as the result of further oxidation of this substance. How- 
ever, this explanation of the formation of diphenylarsinic acid cannot be 
correct since tetraphenylarsyl oxide, dissolved in bromobenzene, remains 
unchanged after long contact with oxygen; hence it seems that the acid is 
not produced through the intermediate formation of the oxide.4 

It has been stated by Dehn and Wilcox5 that diphenylarsine, dissolved in 
ether, reacts with iodine to form diphenyliodoarsine. It has been shown 
that the latter compound is obtained from equimolecular amounts of the 
arsine and iodine; however, if one molecular equivalent of iodine is added 
to two equivalents of the arsine, tetraphenyldiarsyl is produced; the diarsyl 
may have been formed as the result of the action of diphenyliodoarsine on 
diphenylarsine." 

Since tetraphenyldiarsyl and iodine react instantly7 to form diphenyl- 
iodoarsine, the mechanism of the formation of diphenyliodoarsine from 
diphenylarsine and iodine is uncertain; the iodoarsine might be produced 
by direct replacement of the arsine hydrogen by iodine or as the result of the 
action of iodine on tetraphenyldiarsyl. 

Diphenylarsine and tetraphenylarsyl oxide react in alcohol to form tetra- 
phenyldiarsyl in excellent yield. The arsine and tetraphenylarsyl sulfide 
react in an analogous manner. 

It was found that the chlorine as well as the ethoxy group in phenyl- 
chloroethoxyarsine was removed when the latter reacted with diphenylar- 
sine; diphenylchloroarsine and arsenobenzene were isolated as reaction 
products. 
2(CaHs)*AsH + 2CaHsAsCI(OGH5) =; 2(CaHa)zAsCl f CBH~AS=ASCGH~ + 2C2H60H 

When the arsine was allowed to react with triphenylbromomethane in a 
molecular equivalent amount, diphenylbromoarsine and triphenylmethane 
were produced. 

With triphenylmethyl the arsine yielded triphenylmethane and tetra- 
phenyldiarsyl. 

It was found that interaction of triphenylarsine dichloride with two 
molecular equivalents of diphenylarsine yields triphenylarsine and tetra- 
phenyldiarsyl (A), while equimolecular amounts of the two compounds re- 
act to produce triphenylarsine and diphenylchloroarsine (C). I t  is possible 
in the latter instance that tetraphenyldiarsyl is formed as an intermediate 

(4) Phenylarsine oxide, likewise, dissolved in bromobenzene does not absorb oxygen. 
(5) Ref. 3, p. 45. 
(6) Blicke and Powers, THIS JOURNAL, 54, 3358 (1932). 
(7) Blicke and Smith, ibid., 51, 2276 (1929). 
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product and that this substance then reacts with triphenylarsine dichloride 
according to formulation B. At least we have shown in a separate 
experiment that the arsine dichloride and the diarsyl react to yield tri- 
phenylarsine and diphenylchloroarsine. 

Equimolecular amounts of diphenylarsine and triphenylarsine hydroxy- 
chioride react, undoubtedly, in accordance with formulation F. A separa- 
tion of the compounds formed, however, was not found possible until the 

mixture of reaction products had been treated with alkali, which converted 
the diphenylchloroarsine into tetraphenylarsyl oxide. The arsine, oxide 
and chloride in formulation F are probably produced as a result of the inter- 
action of diphenylarsine and the hydroxychloride with the formation of tri- 
phenylarsine and tetraphenyldiarsyl (D); tetraphenyldiarsyl and the 
hydroxychloride then react to yield tetraphenylarsyl oxide, diphenylchloro- 
arsine and triphenylarsine (E). In separate experiments we have shown 
that the reactions formulated (D and E) take place readily. 

Experimental Part 
All reactions were carried out in a modified free-radical bulbs a t  ordinary tempera- 

ture and all compounds sensitive toward oxygen were isolated in a carbon dioxide at- 
mosphere. Melting points of compounds which react with oxygen were determined in a 
sealed tube filled with nitrogen. 

Although it was evident that some of the reactions took place rapidly and were, 
no doubt, completed in a short time, all of the reaction mixtures were shaken for a t  least 
twelve hours unless otherwise indicated. 

Absolute grades of alcohol and ether were used and all solvents were thoroughly 
saturated with nitrogen prior to use. 

Reactions of Phenylarsine 

Oxygen.-In a typical experiment 0.543 g. of the arsine, dissolved in bromoben- 
zene, absorbed 57 cc. (N. T. P.) of oxygen in one minute, 66 cc. in sixty minutes and 81 
cc. after forty-eight hours. Interaction of the above amount of arsine with one molecu- 
lar equivalent of oxygen would require 79 cc. of oxygen. 

Sulfur.-To 3.5 g. (2.6 cc.) of phenylarsine, dissolved in 10 cc. of benzene, there was 
added 0.64 g. of sulfur, dissolved in 50 cc. of the same solvent. After twenty-four hours 
all of the solvent was removed; during this process a strong odor of hydrogen sulfide 
was noticeable. The oily residue was dissolved in 20 cc. of benzene. Upon the addition 

(8) Ref. 6, p. 3356. 



of 50 cc. of absolute alcohol the phenylarsine sulfide precipitated in crystalline form; 
yield 0.81 g.; calcd. yield 1.8 g.; m. p. 161-163".@ 

Iodine.-The iodine was decolorized a t  once when 2.54 g. (0.01 mole) of iodine, 
dissolved in 40 cc. of ether, was added to 1.54 g. (1.14 cc., 0.01 mole) of phenylarsine, 
dissolved in 10 cc. of ether, and an orange, crystalline precipitate separated. This ma- 
terial was arsenobenzene contaminated by a small amount of by-product, probably di- 
phenyldiiododiarsyl. The mixture was shaken for forty-eight hours and then treated 
with alkali. After separation of the alkaline layer and removal of the solvent, 1 g. of 
arsenobenzene was obtained; calcd. yield 1.5 g. After recrystallization from toluene 
the product melted a t  208-210'. 

To 1.54 g. (0.01 mole) of the arsine, dissolved in ether, there was added 3.81 g. 
(0.015 mole) of iodine, dissolved in 75 cc. of the same solvent. Diphenyldiiododiarsyl 
crystallized slowly from the solution. The ether was decanted and the product washed 
three times with ether. The yield was 2.5 g.; calcd. yield 2.8 g.; m. p. 175-177°.10 

To a solution prepared from 1.54 g. (0.01 mole) of the arsine and 10 cc. of benzene, 
there was added 5.1 g. (0.02 mole) of iodine, dissolved in 80 cc. of benzene. The iodine 
was decolorized immediately. The red oil, phenyldiiodoarsine, obtained after complete 
removal of the solvent, was isolated as phenylarsylene N-pentamethylenedithiocarba- 
mate; the yield of the latter was 4.6 g.; calcd. yield 4.7 g.; m. p. 183-184'.ll 

Triphenylarsine Dich1oride.-A solution prepared from 3.77 g. (0.01 mole) of tri- 
phenylarsine dichloride and 40 cc. of dry benzene was added to 1.54 g. (0.01 mole) of 
phenylarsine, dissolved in 10 cc. of the same solvent. After a short time the stopcock 
of the radical bulb was opened for an instant in order to allow hydrogen chloride to es- 
cape. The mixture was shaken and after twelve hours the liquid was decanted from the 
precipitated arsenobenzene into a second radical bulb. The residue of arsenobenzene 
was suspended in ether and shaken with alkali in order to remove traces of hydrogen 
chloride,12 and then with alcohol and ether; yield 0.9 g. ; calcd. yield 1.5 g. ; mixed 
m. p. 210-212°.1a 

The decanted benzene solution was shaken with alkali and the benzene was then 
removed. The oily, yellow residue was boiled with 50 cc. of alcohol and the alcoholic 
solution filtered in air. When the filtrate cooled triphenylarsine precipitated. A fur- 
ther amount of product was obtained from the filtrate; yield 2.5 g. ; calcd. yield 3.1 g. ; 
m. p. 60-61°.14 

Reactions of Diphenylarsine 
Oxygen.-The data obtained from two typical experiments are as follows: 0.565 

g. of the arsine, dissolved in bromobenzene, absorbed 49 cc.l6 of the gas in one minute 
and 58 cc. in sixty minutes. If the arsine reacted with two molecular equivalents of 
oxygen, 55 cc. would be required. In  another experiment 0.868 g. of arsine absorbed 
89 cc. of the gas after sixty minutes; calcd, amount, 85 cc. Extraction with ammonia 

(9) The melting point recorded for this compound by Schulte [Ber., 15, 1953 (1882)l is 152". 
It  was reported [Blicke and Smith, THIS JOURNAL, 59, 2948 (1930) ] that preparation of the sulfide from 
phenyldichloroarsine and hydrogen sulfide yielded material which melted at 174-176O. When this 
experiment was repeated, sulfide was obtained which melted a t  162-164O. Mixed with the sulfide 
obtained from phenylarsine the mixed melting point was found to be 162-164O. It is not strange that 
different samples of phenylarsine sulfide possess different melting points in view of the fact that 
marked variations in melting point have been observed among preparations of phenylarsine oxide. 

(10) Blicke and Smith, THIS JOURNAL, 62, 2943 (1930). 
(11) Blicke and Oakdale, ibid., 64, 2995 (1932). Due to an error the melting point was recorded 

previously as 173-174'. 
(12) Arsenobenzene absorbs oxygen rapidly in the presence of halogen acids [Blicke and Smith. 

ibid., 52, 2946 (1930)l. 
(13) Michaelis and Schafer [Ber., 46,1742 (1913)l recorded them. p as 212". 
(14) The m. p. has been recorded as 5&5g0 by Pfeiffer [ibid., 37,4621 (1904)l. 
(15) About two-thirds of this volume was absorbed after fifteen seconds. 
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water of the combined bromobenzene solutions yielded 1.51 g. or 93% of the calcd. 
amount of diphenylarsinic acid; m. p. 16&170°.16 

Iodine.--When 2.30 g. (0.01 mole) of diphenylarsine reacted with 2.54 g. (0.01 
mole) of iodine in 50 cc. of alcohol, a light yellow solution was obtained which yielded 
3.60 g. of diphenyliodoarsine; m. p. 41-42'.'7 The calcd. yield is 3.56 g.  

To 2.30 g. (177 cc., 0.01 mole) of diphenylarsine, dissolved in 10 cc. of absolute 
alcohol, there was added 1.27 g. (0.005 mole) of iodine, dissolved in 40 cc. of alcohol. 
The iodine was decolorized instantly and crystals of tetraphenyldiarsyl began to sepa- 
rate rapidly. The alcohol was decanted, the product suspended in about 25 cc. of ether 
and shaken with water until hydriodic acid had been completely removed. The water 
layer was separated and most of the ether removed by distillation under reduced pres- 
sure. The diarsyl was then washed three times with 10-cc. portions of absolute alcohol 
and dried in a bath a t  60-70' under diminished pressure. The material melted a t  127- 
129" ;Is yield 2.0 g. ; calcd. yield 2.3 g. Dissolved in bromobenzene 0.769 g. of the com- 
pound absorbed 40 cc. (N T. P.) of oxygen; calcd. absorption 37 cc. 

Tetraphenylarsyl Oxide.-To 3.45 g. (0.015 mole) of diphenylarsine, dissolved in 20 
cc. of absolute alcohol, there was added 3.56 g. (0.0075 mole) of tetraphenylarsyl oxide, 
dissolved in 80 cc. of the same solvent. After several days, the solvent was decanted 
from the precipitated tetraphenyldiarsyl and the latter washed four times with 20-cc. 
portions of alcohol; yield 6.25 g. or 91% of the calcd. amount; m, p. 125-127". Dis- 
solved in bromobenzene 1.378 g. of the material absorbed 65 cc. of oxygen in less than 
two minutes; calcd. absorption 67 cc 

Tetraphenylarsyl Sulfide.-Tetraphenyldiarsyl began to crystallize from the solu- 
tion soon after the addition of 2.45 g. of tetraphenylarsyl sulfide, dissolved in alcohol, 
to 2.30 g. of diphenylarsine, dissolved in 20 cc. of the same solvent. The alcohol was 
decanted from the diarsyl, the latter washed twice with alcohol and then with ether; 
m. p. 129-130'; yield 1.9 g.; calcd. yield 4.6 g. 

Phenylchloroethoxyarsine.-To 4.6 g. of phenylchloroethoxyarsine (0.02 mole), 
dissolved in 80 cc. of absolute alcohol there was added 4.60 g (0.02 mole) of diphenyl- 
arsine, dissolved in 20 cc. of the same solvent. Arsenobenzene began to precipitate a t  
once in crystalline form. The precipitate was filtered through a Jena filter, in an inert 
atmosphere,lg and washed with four 50-cc. portions of alcohol. The alcohol washings 
were added to the alcoholic filtrate. Finally, the arsenobenzene was washed thoroughly 
with absolute ether; m. p. 208-209'; yield 2.83 g.; calcd. yield 3.04 g. 

From the alcoholic filtrate 4.7 g. of diphenylchloroarsine was obtained; mixed 
m. p. 40-42'; calcd. yield 5.3 g. 

Tripheny1bromomethane.-Two and three-tenths grams (0.01 mole) of diphenyl- 
arsine and 3.23 g. of triphenylbromomethane dissolved in 70 cc. of ether were placed in a 
free-radical apparatus. After twenty-four hours the solution was concentrated to a 
small volume. Ten cc. of petroleum ether (30-60') was added and the solution cooled, 
whereupon a small amount of fairly pure triphenylmethane separated in crystalline form. 
After recrystallization from alcohol the methane melted at  91-93 o;20 mixed m. p. 92- 
93". The ether-petroleum ether filtrate was evaporated to dryness, the residue dis- 
solved in ether and filtered to remove traces of diphenylarsinic acid. After evaporation 
of the solvent from the filtrate, the crystalline residue was dissolved in a small amount of 

(16) We are inclined to believe that the m. p. 17S0 assigned to this substance by Bart [Ann., 429, 
101 (1922) 1 is too high. We have observed in many instances that the acid melts in the neighborhood 
of 170' and this corresponds to the observation of Gibson and Johnson [J .  Chem. Soc., 99 (1928)j who 
stated that an analyzed sample of the acid melted at 171°. 

(17) Blicke and Smith, THIS JOURNAL, 61, 1564 (1929). 
(18) Blicke, WeinkauE and Hargreaves, ibid., 62, 782 (1930). 
(19) In the presence of diphenylchloroarsine arsenobenzene absorbs oxygen rapidly. 
(20) KekulL and Franchimont, Bn., 6, 907 (1872). 



hot alcohol. When the solution was cooled, practically pure triphenylmethane sepa- 
rated. Concentration of the filtrate yielded diphenylbromoarsine, mixed m. p. 52- 
54",81 and upon further concentration a mixture which seemed to consist of the methane 
and bromoarsine was obtained The components of this mixture were not separated. 
In all there were isolated 1.7 g. of pure methane and 0.7 g. of pure bromoarsine. 

Triphenylmethy1.-To 4.6 g. (0.02 mole) of diphenylarsine in 10 cc. of benzene 
there was added a solution of triphenylmethyl prepared from 6.5 g. of triphenylbromo- 
methane, 10 g. of molecular silver and 80 cc. of benzene. The orange triphenylmethyl 
solution was decolorized at  once. After concentration to a volume of 20 cc. triphenyl- 
methane precipitated in the form of its benzene addition product; the benzene-free 
crystals, which weighed 1.6 g., melted a t  90-92". The solution was decanted from the 
crystals into a second radical bulb, the solvent removed and the residue recrystallized 
from alcohol. The tetraphenyldiarsyl obtained weighed 1.0 g.; m. p. 125-128". Dis- 
solved in bromobenzene 0.776 g. of the material absorbed 39 cc. (N. T. P.) of oxygen; 
calcd. amount 38 cc. 

Triphenylarsine Dichloride (A, C).-A mixture of 3.77 g. (0.01 mole) of the arsine 
dichloride dissolved in 40 cc. of dry benzene and 4.60 g. (0.02 mole) of the arsine dis- 
solved in 10 cc. of benzene was shaken for twelve hours, the benzene removed com- 
pletely and 40 cc. of absolute alcohol added to the residue to dissolve the triphenylarsine 
formed. The alcoholic solution was decanted, the residue of tetraphenyldiarsyl washed 
with alcohol and then recrystallized from 200 cc. of the same solvent; yield 4.1 g.; 
calcd. yield 4.6 g.; m. p. 130-131". Dissolved in bromobenzene 1.045 g. of the diarsyl 
absorbed 53 cc. of oxygen in ten seconds; calcd. absorption 51 cc. Upon concentration 
of the alcoholic solution of triphenylarsine 2.1 g. of the latter compound was obtained; 
calcd. yield 3.0 g.; m. p. 60-61 ". 

A mixture of 3.77 g. (0.01 mole) of triphenylarsine dichloride, dissolved in 40 cc. of 
dry benzene, and 2.30 g. (0.01 mole) of diphenylarsine yielded triphenylarsine and di- 
phenylchloroarsine. Since it was found impossible to separate these compounds, the 
mixture was treated with sodium hydroxide solution, whereby the diphenylchloroarsine 
was converted into tetraphenylarsyl oxide. The latter substance is quite insoluble in 
petroleum ether (30-60") while the triphenylarsine is very soluble in this solvent. 
After the separation had been effected, the triphenylarsine was recrystallized from alco- 
hol; yield2.3g.; calcd. yield3.1 g.; mixedm.p.60-61°. The yieldof tetraphenyl- 
arsyl oxide was 2.0 g. ; calcd. yield 2.4 g. ; mixed m. p. 92-94°.22 

Tetraphenyldiarsyl and Triphenylarsine Dichloride (B).-To 2.62 g. of tetraphenyl- 
diarsyl, dissolved in 30 cc. of dry benzene, there was added 1.72 g. of triphenylarsine 
dichloride, dissolved in 30 cc. of the same solvent. After twelve hours the solvent was 
removed completely and the residue of triphenylarsine and diphenylchloroarsine dis- 
solved in 20 cc. of petroleum ether (30-60'). The diphenylchloroarsine was separated 
in the form of tetraphenylarsyl oxide as described above. The yield of the latter prod- 
uct was 1.9 g.; calcd. yield 2.7 g.; m. p. 92-95". The yield of triphenylarsine was 1.2 
g. ; calcd. yield 1.7 g. ; m. p. 59-60 ". 

Triphenylarsine Hydroxychloride (D, F).-When 4.60 g. (0.02 mole) of diphenyl- 
arsine, dissolved in 20 cc. of absolute alcohol, was added to 3.58 g. (0.01 mole) of tri- 
phenylarsine hydroxychloride, dissolved in 20 cc. of the same solvent, tetraphenyl- 
diarsyl precipitated immediately while triphenylarsine remained in solution. After 
twelve hours the alcoholic solution was decanted from the crystalline material into a 
second radical bulb. The diarsyl was washed with absolute alcohol and then recrys- 
tallized from 150 cc. of this solvent. The yield was 3.6 g.; calcd. yield 4.6 g.; m. p. 

(21) Steinkopf and Schwa,  Ber., 54, 1459 (1921). 
(22) The highest rn. p. recorded in the literature is 95.5-96.5O [Blicke and Smith, TIus JOURNAL, 

51, 1562 (1929)l. 
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127-129'. Dissolved in bromobenzene 0.839 g. of the diarsyl absorbed 43 cc, (N. T. P.) 
of oxygen; calcd. absorption 41 cc. The triphenylarsine obtained from the alcoholic 
solution weighed 2.4 g. ; calcd. yield 3.1 g. ; rn. p. 59-60 '. 

Four and six-tenths grams of diphenylarsine (0.02 mole) dissolved in 10 cc. of alco- 
hol, was mixed with 7.16 g. (0.02 mole) of the hydroxychloride, dissolved in 40 cc. of the 
same solvent. After twelve hours the solvent was removed, the diphenylchlaroarsine 
hydrolyzed to the corresponding oxide and the reaction products separated; yields. 
2.7 g. of tetraphenylarsyl oxide, m. p. 90-92'. and 5 g. of triphenylarsine, mixed m. p. 
59-61 ". 

Tetraphenyldiarsyl and Triphenylarsine Hydroxgchloride (E).-Three and three- 
tenths grams of the isolated diarsyi, dissolved in 76 cc. of benzene, w a  mixed with 2.55 
g. of the hydroxychloride, dissolved in 25 cc. of alcohol. After twenty-four hours the 
solvents were removed, the residue dissolved in petroleum ether and shaken with 5% 
sodium hydroxide solution, whereby the diphenylchloroarsine was converted into tetra- 
phenylarsyl oxide. Upon concentration of the petroleum ether layer the oxide sepa- 
rated. Triphenylarsinc was isolated from the mother liquor. Both products were re- 
crystallized from alcohol. The yield of oxide, m. p. 91-94', was 1.7 g . ;  the yield of 
arsine, m. p. 59-61 ", was 1.1 g. 

Summary 

The reactions which take place between phenylarsine and oxygen, sulfur, 
iodine and triphenylarsine dichloride, respectively, have been studied. 

Interaction of diphenylarsine with each of the following substances has 
been investigated: oxygen, iodine tetraphenylarsyl oxide, tetraphenylarsyl 
sulfide, phenylchloroethoxyarsine, triphenylbromomethane, triphenyl- 
methyl, triphenylarsine dichloride and triphenylarsine hydroxychloride. 

In addition it has been shown that tetraphenyldiarsyl reacts with tri- 
phenylarsine dichloride and with triphenylarsine hydroxychloride. 
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[CONTRIBUTION NO. 106 FROM THE COBB CHEMICAL LABORATORY OF THE UNIVERSITY OF 
VIRGINIA] 

Studies on Unsaturated 1,4-Dicarbonyl Compounds. VII. 
Aryl Unsaturated 1,4-Diketones and Ketonic Acids Derived 

from Citraconic and Mesaconic Acids, with Particular 
Reference to the p- [p-Bromobenzoyl] -methylacrylic Acids 

Two monomethyl unsaturated 1,4-ketonic acids have been described in 
the literature1 but they have not been extensively studied and their con- 
figurations are not known. In an extension of our studies to this class of 
compounds we have utilized the bromophenyl analogs which are easily 
prepared, and have obtained three of the four possible isomers. 

Trans-p- [fl-Bromobenzoyl]-crotonic Acid (VII).-Trans-P- [p-bromo- 
benzoyll-crotonic methyl ester (11) was synthesized in good yield by 
the Friedel and Crafts reaction from mesaconyl a-methyl ester P-acid 
chloride (I), the structure of which is known.2 From this synthesis the 
position of the methyl group is determined. The ester undergoes hy- 
drolysis in dilute methanol to give two products, the expected trans acid 
(VII) (and also an addition compound, 8-bromobenzoylhydroxybutyric 
acid (IV) which is described below). Under special conditions this trans 
acid is obtained also directly from mesaconyl chloride by the Friedel and 
Crafts reaction. The ester is easily regenerated. 

I-I-C-COCI 
I! 

CICO--C-CH~ 

B~C~HICOCH(CH~)CH(OH)COOH - 
I V  I 

POCl3 
(Small yield) 

AlCla CeHa 
KOH 
CHaOH 

t 
H--C-COCl 

Hz0 II 
B~CGH~CO-C-CH~ 

v 

H-C-COOH Zn CH?COOH 

VI VII VIII 

The configuration of the acid and its derivatives must be trans, cor- 
responding with that of the starting materials, since in Friedel and Crafts 
reactions of this type there is no reason to suppose that inversion in the 

(1) (8) V. Pechmann, Ber., 15, 891 (1882); (b) Bogert and Ritter, THIS JOURNAL, 46, 2871 
(1924); 47, 526 (1925). 

(2) Anschiitz, Ann., 353, 139 (1907). 
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direction brans to cis is l i k e l ~ . ~  The acid chloride (V) reacts rapidly in the 
cold with methanol to form the ester and undergoes the Friedel and Crafts 
reaction with benzene and aluminum chloride to give the corresponding 
mixed diketone (111). It therefore reacts normally in contrast with the 
cis isomer described below. These facts are consistent with the trans 
formulation. 
Cis-P-[p-Bromobenzoyl]-crotonic Acid (X).-The colorless cis-@- 

[bromobenzoyll-crotonic acid (X) is prepared in a yield of 47'70 by the 
Friedel and Crafts reaction rn citraconic anhydride with bromobenzene. 
I t  is obtained similarly from citraconyl chloride in a very small yield, 
but as the main product nevertheless.* I t  is a stereoisomer and not a 
structural isomer of the trans acid described above, since both acids are 
reduced to the same P- [bromobenzoyl]-butyric acid (VIII) . It is easily 
e~terified,~" and is regenerated in good yield from the ester by hydrolysis. 
The cis configuration follows from the synthesis since both stereoisomers 
are made, respectively, from starting materials of opposite and known con- 
figurations, and since no inversion from the one series into the other has 
been observed. 

We have obtained independent proof of the position of the methyl group 
by the hydrolytic splitting of the cis acid a t  the double bond to give fi- 
bromopropiophenone (XIII) which could only be formed if the methyl 
were alpha to the bromobenzoyl group. This degradation demonstrates 
that the Friedel and Crafts condensations occurred as expected para to the 
bromine in the benzene nucleus. 

AlCla H-C-COOH < NaOH ' HC-COOCH3 

CHsOH(HC1) 
CHIC-CO CH-C-COCaHdBr CHI 

HC-CO 

ll > 
CHIC-CC12 

HC-CO Alas (Small + yield) GHd3rr Barn)z 

The acid chloride (XIV) of the cis isomer is easily prepared by the action 
of phosphorus pentachloride on the acid. It is a colorless solid which is 
hydrolyzed extremely slowly, and does not react readily with boiling 
methanol. The chlorine is therefore much less reactive than that of the 

+$!& 

(3) Lutz, THIS JOURNAL, 62, (a) 3405, (b) 3423 (1930). 
(4) A relatively very minor yield of the trans structural isomer (XVI) was isolated as a by-product 

of the reactions with dtraconic anhydride and chloride. 
(4a) Since acceptance of this paper, Mr. A. W. Winne in this Laboratory has obtained the cis- 8- 

[bromobenzol]-crotonic methyl esters in crystalline form (m. p. 6Z0, best prepared by alcoholysis of 
the acid chloride), and has obtained what appears to be an isomeric ester (m. p. 6g0) by the silver 
salt method of esterification. These isomers correspond, we believe, to normal and cyclic types, and 
will be described in detail, together with analogs in the dimethyl and dihalogeno series in later papem. 
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trans isomer. On the basis of these facts we have written the cis acid chlo- 
ride as a 7-chlorocrotolactone. I t  is exactly analogous to cis-8-benzoyl- 
dibromoacrylyl chloridesa (cf. also Ref. 4a). 

The Friedel and Crafts reaction on the acid chloride gives a product 
in which, according to the analysis, chlorine has been replaced by bromo- 
phenyl. The product, however, is not a diketone, nor is it the expected 
y,y-di-[bromophenyl]-crotolactone, since it is an acid. We have not yet 
investigated its structure. It is clear, however, that the cis acid chloride 
has not reacted in a normal sense. 

Trans-p- [p-bromobenzoyl 1-a-methylacrylic Acid (XVI) .-We have 
obtained only one of the two possible structural isomers of the @-methyl 
acids (VII and X) described above, namely, trans-@-[bromobenzoyl]-a- 
methylacrylic acid (XVI). This acid is yellow and is the sole crystalline 
product obtained in a 60% yield by the Friedel and Crafts reaction on 
mesaconyl chloride.4o5 The trans configuration follows from the synthesis. 

Reduction yields a new acid which is isomeric with 8-[bromobenzoyl]- 
butyric acid (VIII) and must therefore be P-[bromobenzoyl]-a-methyl- 
propionic acid (XIX). Proof of the position of the methyl group and also 
that of the bromine atom was accomplished by the hydrolytic splitting 
of the parent trans acid (XVI) at the double bond to yield p-bromoaceto- 
phenone (XVIII). 

The acid chloride, obtained by the action of phosphorus pentachloride, 
is a brilliant yellow solid which reacts rapidly with cold methanol to form 
the ester, is hydrolyzed rapidly in hot water, and reacts readily with ben- 
zene and aluminum chloride to give a mixed diketone (XXI) in good yield. 
It is therefore a normal acid chloride. These reactions are consistent with 
the trans formulation, and would not be expected of a cis isomer. 

CH-C-COCI AlC13 CH3-C-COOH pel6 

II ____f - 
CsH6Br -+-- 

CICO-C-H (C&) BrCeH4C-C-H BrC6H4CO-C-H 
XVII 

XVIII Zn + AcOH AlCla 
CaHs 

Cold CHxOH 
CHs-CHCOOH CH3-C-COOCHs CH3--C--COCOH, 

I I1 
CH2COCe%Br BrCsH4CO--C-H 

II 
BrCsHaCO-C-H 

XIX XX XXI 

The Directing Influence of the Methyl Group.-The Friedel and Crafts 
reaction with citraconic anhydride proceeds in two senses structurally; 
it involves mainly the carbonyl adjacent to the methyl, and to a very minor 

(5) When the reaction is carried out in phosphorus oxychloride and bromobenzene, however, a 
10% yield of the structural isomer (VII) is the only crystalline product isolated. 



extent .the other carbonyl (giving, respectively, X and XVI). Citraconyl 
chloride reacts similarly, but since the yields are very much smaller it is 
of course questionable whether or not the ratio of the two products (X and 
XVI) is a true measure of the two different reaction tendencies. 

Mesaconyl chloride, in contrast with the cis isomer, reacts largely in the 
opposite sense5 (to give XVI) involving the carbonyl chloride which is 
farthest removed from the methyl. A similar directing influence has been 
noted in the reaction with aromatic amine~.~  

Inversion from Cis to Trans during the Friedel and Crafts Reaction.- 
In the Friedel and Crafts reaction with bromobenzene and citraconic an- 
hydride the methyl group on the ethylene linkage has stabilized the 
configuration since the principal product is a cis acid (X).e In the minor 
reaction involving the carbonyl to which the methyl is beta, complete 
inversion results (to give XVI). The expected fourth isomer, cis-/3- 
[bromobenzoylI-a-methylacrylic acid, has not been found and possibly is 
too labile to exist under the reaction conditions? 

The governing factor in inversion during the reaction is clearly the posi- 
tion of the methyl group, or, as is probably more significant, the position 
of the mobile hydrogen atom with respect to the carbonyl group involved: 
in the reactions with maleic anhydride3b and in the minor reactions of 
citraconic anhydride and chloride, where hydrogen is alpha to the reacting 
carbonyl, inversion occurs; but when methyl is a 1 N  as in the main course 
of the reaction with citraconic anhydride and bromobenzene (and also with 
dimethyl maleic anhydride and benzene) ,* no inversion occurs. 

A Trans-trimethylbenzoylmethylacrylic Acid (XXII).-Mesitylene 
reacts with citraconic anhydride in the Friedel and Crafts reaction to 
give only one crystalline product in a 36% yield. This trimethylbenzoyl- 
methylacrylic acid is brilliant yellow, a fact which indicates the trans 
configuration. Its acid chloride is unstable, but when treated cautiously 
in a Friedel and Crafts reaction with mesitylene, it gives a very small but 
significant yield of di- [2,4,6-trimethylbenzoyll-methylethylene (XXIII), 
which is obtained also directly from mesaconyl chloride by the same 
reaction. Such a result is hardly to be expected of a cis acid chloride3 
and may be regarded as evidence that the configuration is trans, and that 
inversion during the synthesis has taken place. The position of the 
methyl group has not been determined. It might be assigned on the 
basis of the observation noted above that inversion during the preparation 
of the bromobenzoyl analog occurs only when hydrogen is alpha to the 
carbonyl involved in the reaction; but on the other hand bromobenzene 
reacts largely in the opposite sense structurally; furthermore, in the 

(6) In the analogous preparation of aroylacrylic adds from maleic anhydride, inversion is com- 
p~ete.3b 

(7) Cf. the unknown cis-8-benzoylacrylic acid (Ref. 3b). 
(8) Lutz and Taylor, ninth paper of this series, to be published later. 
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analogous reaction with dimethylmaleic anhydride and mesitylene in- 
version has apparently occurred where no alpha hydrogen  exist^.^ 

CHa-C-CO -C-COOH 

H-C-CO (CHz)sCaH2CO--C- (CH3)3CaH2CO--C-H 

8-[Bromobenzoyl]-a(?)-hydroxybutyric Acid (IV).-In the hydrolysis 
of 8-[bromobenzoylJ-crotonic methyl ester (11), a side reaction takes 
place involving the addition of the elements of water, probably by a 1,4- 
addition followed by hydrolysis, to give @-[bromobenzoyl]-a(?)-hydroxy- 
butyric acid (IV). The greater the percentage of water in the hydrolytic 
solvent, the better the yield of the expected trans acid, whereas in nearly 
absolute methanol no trans acid was isolated. The nature of this addition 
compound was shown by pyrolysis, water being eliminated to give trans 
@-bromobenzoylcrotonic acid (VII). The position of the hydroxyl group 
is undoubtedly alpha to the carboxyl, since addition to the more active 
conjugated system, favored also by the steric hindrance of the methyl 
group, would be expected. 8-Benzoylacrylic methyl ester reacts in this 
sense during hydroly~is.~ Addition compounds of this type were not 
isolated in the hydrolysis of either the cis ester or the structurally isomeric 
trans ester, but were probably present in the oily by-products of these re- 
actions. 

Methyl Unsaturated 1,4-Diketones.lO-The trans methyl unsaturated 
1,4-diketones were prepared from mesaconyl chloride by the Friedel and 
Crafts reaction. Bromobenzene, however, failed to give a diketone in an 
analogous experiment, mesamnyl chloride reacting only part way under a 
variety of conditions to give the intermediate trans-@- [bromobenzoyl]- 
methylacrylic acids. The acid chlorides of these latter substances appear 
to give only complex resinous products when the Friedel and Crafts reac- 
tion with bromobenzene is forced under more drastic conditions; yet ben- 
zene reacts readily enough in both cases to give the corresponding mixed 
diketones, I11 and XXI. This failure of bromobenzene to react in the 
second stage of the Friedel and Crafts reaction is surprising since the 
analogous reaction with fumaryl chloride gives the corresponding diketone 
in excellent yield. l1 

The configurations of the diketones follow from the synthesk3 Trans 
dibenzoylmethylethylene (XXIV) on exposure to the sunlight in a solvent 
gives the cis isomer in a fair yield, apparently irreversibly, together with 
resinous decomposition products. Both stereoisomers are reduced to the 
same 1,2-dibenzoylpropane (XXVI). 

(9) Rice, Tms JOURNAL, 46, 222 (1923). 
(10) The preparation of the diketones from mesaconyl chloride was first carried out by Mr. W. W. 

Huang under the direction of the senior author, in the Nichols Chemical Laboratory of New York 
University. We have repeated and extended this work. 

(11) Conant and Lutz, Tms JOURNAL, 47, 881 (1925) 



Zn + AcOH 
CsH&!OCH=C(CHa)COCBH -------+ 

Sunlight 
2"ran.s XXIV - Cis XXV 

The cis isomer could not be rearranged back to the trans by the action of 
iodine and sunlight. Overlong exposure to the sunlight converts either 
form into intractable oils, and i t  is possible that the transformation cis 
to trans does occur, but that the trans isomer is the more easily resinified by 
the action of sunlight and is destroyed as fast as it is formed. It is obvious 
in any case that the cis isomer results from the trans by the absorption of 
light energy, and although not rearranged back is nevertheless to be re- 
garded as potentially the labile form with the higher energy content. 

The Effect of the Methyl Group on Color.-The unsubstituted trans 
aryl unsaturated 1,4-diketones and ketonic acids are all to some degree 
yellow, and the cis isomers colorless. The aroyl group is undoubtedly 
responsible for the shift of absorption into the visible region, fumaric acid 
types being colorless. The color is diminished if not destroyed by ethylenic 
substituents such as halogen and aroxyl. The methyl group in the di- 
ketone series diminished the color very markedly. Of the two trans p- 
[bromobenzoyl]-methylacrylic acids, the one in which the methyl is ad- 
jacent to the aroyl group (VII) is almost colorless, the other (XVI) is bright 
yellow. 

Experimental Part 
Citraconic and Mesaconic Acids 

The conversion of citraconic to mesaconic acidx2 by the action of sunlight on a 
chloroform-ether solution containing bromine proceeds best in large scale runs on 700 g. 
of material to give yields as high as 85%. 

Mesaconyl chloride was prepared according to Petri." In one large scale prepara- 
tion from 650 g. of acid the fractionation a t  atmospheric pressure involved long heating 
of the bulk of the material. An end fraction of 82 g. of pure citraconyl chloride was col- 
lected and identified by its boiling point (9697' corr. a t  15 mm.), and by nearly quanti- 
tative hydrolysis to citraconic acid (no mesaconic acid being detected). Similar re- 
sults were obtained when mesaconyl chloride was refluxed for three hours or was heated 
a t  100" with 20% of its weight of aluminum chloride, but when allowed to stand in 
diffused light for one year, or heated for one hour at  50' (the conditions of the average 
Friedel and Crafts reaction) no such inversion was detected. 

A sample of mesaconyl chloride was hydrolyzed completely upon standing twenty- 
four hours with water. In a similar experiment citraconyl chloride was not completely 
hydrolyzed until about five days had elapsed. We regard this abnormally slow hy- 
drolysis in the latter case as possible evidence in favor of the cyclic formulation (XII). 

Partial alcoholysis of mesaconyl chloride with one equivalent of methanol gave a 
mixture consisting largely of unchanged material and dimethyl ester. 

Mesaconyl a-methyl acid ester (I) was prepared by the method of Anschii t~,~ but 
longer standing (fifty hours) gave a better yield (74%); b. p. 122' (con.) under 4 mm. 

Dimethyl ester,2 b. p. 99.5' (corr.) at 18 mm. 

(12) Fittig and LandoIt, Ann., 188, 72 (1877). See also Cummings, Hopper and Wheeler, "Sys- 
tematic Organic Chemistry," 1931, pp. 243,406,414. 

(13) Petri, Bcr., 14, 1635 (1881). 
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Aryl a$-Unsaturated 1,4-Ketonic Acids 
Trans-B-[fi-bromobenzoyl]-crotonic Acid (VII).-The methyl ester (4 g.) was dis- 

solved in 30 cc. of hot methanol and the mixture chilled to give a mass of fine crystals: 
15 cc. of water containing 1.2 g. of potassium hydroxide was then added, and the mix- 
ture shaken (machine) until complete solution took place (about twenty minutes). 
The mixture was diluted with water and extracted with ether from which a small amount 
of unchanged ester was recovered. The aqueous solution was acidified and the product 
extracted into ether and isolated on subsequent evaporation as an oil. This gave a 
total of 1.9 g. (50%) of nearly pure crystalline trans acid from a benzene-ligroin mixture. 
The filtrate yielded the addition product (see below); crystallized as thin rectangular 
scales from benzene; m. p. 144.5-145O (corr.). 

Anal. Calcd. for CI1H9OsBr: C, 49.07; H, 3.37. Found: C, 49.07; H, 3.72. 

Several attempts were made to prepare the corresponding diketone from mesaconyl 
chloride with two equivalents of phosphorus oxychloride, bromobenzene, and aluminum 
chloride, heating the mixture on a steam-bath for five minutes. Small yields (5-10yo 
in several runs) of the above acid were isolated and identified. 

A small sample was reduced with zinc and acetic acid in the usual way, and a small 
yield of 0-[bromobenzoyl]-butyric acid was isolated and identified by a mixed melting 
point. 

&[p-Bromobenzoyl]-a(?)-hydroxybutyric Acid (IV).-The benzene-ligroin mother 
liquor from the above preparation was evaporated to an oil which began to crystallize 
on standing several days. I t  was taken up again in benzene and ligroin, cooled and 
filtered to give 0.9 g. (22%) of nearly pure material; crystallized as thin hexagonal 
or boat-shaped scales from benzene-ligroin mixtures: m. p. 85-86' (corr.); soh.  in 
sodium bicarbonate. 

Anal. Calcd. for CttHnOaBr: C, 45.99; H, 3.86. Found: C, 46.14; H, 4.42. 

A small sample of the above acid was heated quickly to 250" in an oil-bath and al- 
lowed to cool. As the temperature reached 150" the molten product boiled and mois- 
ture condensed in the delivery tube. The orange colored oily residue was dissolved in 
benzene, ligroin was added, and on seeding a good yield of trans-bromobenzoylcrotonic 
acid crystallized and was identified by mixed m. p. with known material. 

Trans p-[@-Bromobenzoyl]-crotonic Methyl Ester (II).-Ten grams of mesaconyl 
a-methyl acid ester was allowed to react with 16 g. of phosphorus pentachloride. The 
liquid mixture containing two equivalents of phosphorus oxychloride was filtered from a 
small amount of unchanged phosphorus pentachloride, rinsing with carbon disulfide. 
This solution was then added slowly to a well-stirred mixture of 20 g. of bromobenzene 
and 60 g. of aluminum chloride in 100 cc. of carbon disulfide. The reaction mixture was 
reiluxed for two hours and decomposed in the usual way. The carbon disulfide solution 
was evaporated. The oily residue partly crystallized on standing, and was diluted with 
petroleum ether and filtered; yield of nearly pure product, 11.5 g. (66%); crystallized 
as almost colorless (yellowish tinted), long, thin rectangular scales from alcohol; m. p. 
75.5' (corr.). It dissolves to give a deeply yellow solution. It gives a sharp mixed 
melting point depression with the isomeric a-methylacrylic ester. 

Anal. Calcd. for CIzHllOaBr: C,50.88; H, 3.92. Found: C, 51.07; H, 4.08. 

Hydrolysis in dilute methanolic potassium hydroxide gave mixtures of the acid and 
the addition product, bromobenzoyl-a-hydroxybutyric acid. The latter was the sole 
product isolated when pure methanol (without added water) was used as the solvent. 
The yield, however, was not good. 

Trans-p[p-bromobenzoyl]-crotonyl Chloride (V).-Obtained as a yellow oil by the 
action of phosphorus pentachloride on the acid, with vacuum desiccation to remove 
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phosphorus oxychloride. A droplet was hydrolyzed to the acid when heated for two 
minutes with water. It reacted rapidly in the cold with methanol, the ester crystallizing 
quickly from the solution. A separate Friedel and Crafts reaction with bromobenzene 
was not carried out directly on this acid chloride, but p-[bromobenzoylj-uotonic acid 
was isolated from typical reactions between mesaconyl cl~loride, brornobenzene, and 
aluminum chloride, in which the crotonyl chloride was undoubtedly present as an inter- 
mediate under conditions which would normally have led to the for~nation of the di- 
ketone. 

Cis-8-[p-bromobenzoyI]-crotonic Acid (X).-Citraconic anhydride (50 g.) was 
added slowly over a period of one hour to a well stirred mixture of 134 g. of finely ground 
aluminum chioride in 140 g. of bromobenzene and 1CC cc. of &ox disulfide, the reactior? 
mixture being kept a t  50°, subsequently heated for half an hour, and allowed to stand 
overnight. It was decomposed in ice and hydrochloric acid. Upon separating and 
evaporating the carbon disulfide layer the crude product crystallized; yield, nearly pule 
57.2 g. (47%); cryst. as colorless, square or octahedral prisms, m. p 142.5" (corr.). 

Anal. Calcd. for CllHsOsBr: C, 49.07; H, 3.37. Found: C, 49.35; H, 3.47. 
From the oily residues of the above experiment a crystalline product was isolated 

recrystallized from chloroform, and identified as trans-8-[bromobenzoyl]-a-methyl- 
acrylic acid; yield 2 g. (2%). 

When 10 g. of citraconyl chloride was used in a Friedel and Crafts reaction under 
approximately the same conditions as above, a total of 2 g. (12.5%) of the above de- 
scribed cis acid (X) was isolated, together with a very small amount (0.05 g.) of the 
trans-a-methylacrylic acid (XVI). It is very unlikely that this a-methyl isomer came 
from mesaconyl chloride present as an impurity in the starting material. The sample of 
acid chloride used gave only citraconic acid on hydrolysis. 

A benzene solution of the cis acid with aluminum chloride was heated on the steam- 
bath for one hour. Only unchanged material was recovered. 

A suspension of 3 g. of the cis acid in water with 10 g. of barium hydroxide was dis- 
tilled, and the steam distillate (0.5 g.) of m. p. 43-44' (corr.) was identified as p-bromo- 
benzophenone by a mixed melting point with a known sample. 

Cis-8-[p-bromobenzoyl]-crotonic Methyl Ester (XI).-The ester was prepared by 
allowing the acid to stand for one week in saturated methanolic hydrochloric acid. 
It was isolated by decomposing the mixture in iced sodium carbonate solution, extract- 
ing into ether, drying with anhydrous sodium carbonate. and distilling under reduced 
pressure; yield 4.1 g. (78%); colorless oil of b. p. 156-158"at 4 mm. 

Anal. Calcd. for ClzHI1O~Br; C, 50.88; H, 3.92. Found: C, 50.79; H, 4.15. 
Hydrolysis of 1 g. by allowing i t  to stand for twenty-four hours in 10 CC. of 95% 

ethanol containing 0.1 g. of dissolved sodium, gave a yellow oil from which 0.82 g. of 
crude cis acid crystallized and was identified. 

Cis--[pbromophenyl]-7-chloro-@-methyl Crofolactone (Cis-(\G)@-[p-bromoben- 
zoyll-crotonyl Chloride) (XIV).-The acid (2 g.) was allowed to react with 1.56 g. 
of phosphorus pentachloride, the mixture being warmed gently to start the reaction. 
The acid chloride crystallized from the phosphorus oxychloride solution and was filtered; 
yield 1.96 g. (91%); colorless; crystallized from benzene; m. p. 82.5' (corr.). 

Anal. Calcd. for C,lHsOzBrC1: C, 45.92; H, 2.81. Found: C, 45.89; H, 2.91. 

A small sample required one week, standing in contact with water to  undergo com- 
plete hydrolysis. The reaction was quantitative. The acid chloride dissolves in hot 
alcohol and crystallizes on cooling unchanged. 

The Friedel and Crafts reaction in a number of experiments under a variety of con- 
ditions gave only one product. In a typical experiment on 1.4 g. of the acid chloride, 
1.38 g. (69%) of a colorless solid was isolated; crystallized from bromobenzene; m. p. 



1176 ROBERT E. LUTZ AND ROBERT J. TAYLOR Vol. 55 

208" (corr.). I t  is soluble in cold dilute sodium carbonate with effervescence, and is 
precipitated crystalline by acids and by an excess of sodium ion. 

Anal. Calcd. for C1?Hl2OzBrp: C ,  50.01; H, 2.96; Br, 39.18. Found: C, 50.06; 
H, 3.00; Br, 39.39,39.54. 

8-[p-BromobenzoylI-butyric Acid (VIII).-The above cis acid (2 g.) was reduced 
with zinc and boiling acetic acid in the usual way; yield 1.35 g. of pure product; crys- 
tallized from chloroform and petroleum ether; m. p. 95.5 ' (corr.). 

Anal. Calcd. for CllHllO~Br: C, 48.71; H, 4.09. Found: C, 48.39; H, 4.18. 
Trans-0-[pbromobenzoyl]-a-methylacrylic Acid (XVI).-Mesaconyl chloride 

(25 g.) was added slowly to a well-stirred mixture of 70 g. of bromobenzene and 45 g. of 
aluminum chloride, heated on a steam-bath. Upon decomposing in ice and concen- 
trating the carbon disulfide layer, 25 g. of crude product (60%) was iso1ated;l' crystal- 
lized as yellow needles from chloroform or benzene; m. p. 188' (corr.). 

Anal. Calcd. for C11HeOaBr: C, 49.07; H, 3.37. Found: C, 49.03, 49.16; H, 
3.45, 3.47. 

Steam distillation of a suspension of the acid in water with barium hydroxide gave 
p-bromopropiophenone which was identified by a mixed melting point with a known 
sample prepared from propionyl chloride and bromobenzene, and by the characteristic 
melting point of its oxime. 

Trans-p-[pbromobenzoyl 1-a-methylacrylic Methyl Ester (XX).-Prepared by the 
interaction of the acid chloride and methanol; crystallized from ethanol as long, thin, 
square-ended needles of a very pale yellowish color; m. p 86' (corr.). A mixed melting 
point with the stereoisomer showed a sharp depression. 

Anal. Calcd. for CltHllO8Br: C, 50.88; H, 3.92. Found: C, 51.18; H, 4.05. 
Hydrolysis of 0.11 g. of the ester with potassium hydroxide in 80% methanol gave 

0.03 g. of pure acid. This is to be regarded as a fair yield since difficulty in handling the 
sample resulted in some losses. 

Trans-p-[p-bromobenzoyl]-or-methylacrylyl Chloride (XVII).--The acid (3 g.) 
reacted with 3 g. of phosphorus pentachloride to give an oil which crystallized. On 
diluting with petroleum ether, cooling and filtering, 2.2 g. was isolated; crystallized from 
ligroin as brilliant yellow, thin, diamond-shaped plates of m. p. 66" (corr.), turning 
bright red at  100 to 150'. On standing for two days the solid was transformed into a 
brown resinous mass with the evolution of considerable hydrogen chloride. 

Anal. Calcd. for c11Ha0zClBr: C, 45.92; H. 2.81. Found: C, 45.77; H, 2.99. 
A small sample was hydrolyzed completely when heated for ten minutes with water 

in a steam-bath. It dissolved quickly in cold methanol, and almost immediately the 
ester crystallized and was filtered off and identified by a mixed melting point. In  a 
typical Friedel and Crafts reaction in bromobenzene a t  70-80' the trans acid was re- 
covered, but no other crystalline product was found. 

p-[p-Bromobenzoyll-a-methylpropionic Acid (XIX).-The trans acid (1 g.)  was 
reduced by zinc and acetic acid in the usual way, and gave 0.8 g (80%) of nearly pure 
product; crystallized from benzene; m. p. 124O (corr.); colorless. 

Anal. Calcd. for CllHllO~Br: C, 48.71; H, 4.09. Found: C, 49.09; II, 4.08. 
Trans-P-[2,4,6-trimethylbenzoyl]-methylacc Acid (XXII).-Prepared by a 

typical Friedel and Crafts reaction on citraconic anhydiide with mesitylene in carbon 
disulfide, but with short heating (ten minutes) to minimize resinifimtion. The product 
was isolated by steam distillation to remove mesitylene and carbon disulfide, and crys- 

(14) From the mother liquors a small amount of a colorless solid (not an acid) of m. p. 140.b0 
(corr.) was isolated. It crystallizes from benzene and has not yet been identified. 
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tallizing the oily residue from benzene-petroleum ether mixtures. From 10 g. of an- 
hydride, a total of 7.4 g. (36y0) of m d e  product was obtained, the rest of the material 
going into intractable oils; bright yellow crystals from benzene. m. p. 142' (corr.). 

Anal. Calcd. for CI+HIOO~: C, 72.37; H, 6.95. Found: C, 72.53; H, 6.87. 
The acid gave an unstable oily acid chloride which decornposed when purification 

was attempted. On standing with water it was hydrolyzed back to the trans acid. The 
Friedel and Crafts reaction under ordinary conditions gave only resinous products, but 
when the reaction was controlled and allowed to run for only one minute a small yield 
of crystals (0.075 g. from 0.5 g. of the acid) was isolated and identified by a mixed melt- 
ing point as trimethylbenzoylmethylethylene. The large amounts of oily by-products 
interfere seriously with the isolation of the product. 

Trans-8-[2,4,6-trimethylbenzoyl]-methylac Methyl Ester.-Prepared by the 
action of saturated methanolic hydrogen chloride on the acid (standing for one week), 
and isolated in the usual way; yield 4.5 g. from 5 g. of acid (85y0); yellow oil; b. p. 
144.5" (corr.) at  5 mm. 

Anal. Calcd. for C,&sOs: C, 73.13; H, 2.37. Found: C, 72.82; H, 7.42. 

The Diaroyl Methylethyleneslo 

Trans-1,2-dibenzoylpropene-1 (Dibenzoylmethylethylene) (mV).-Mesaconyl 
chloride (25 g.) was added dropwise to a well-stirred mixture of aluminum chloride in 
45 g. of benzene and 50 cc. of carbon disulfide over a period of twenty minutes. The 
red reaction mixture was then stirred a t  room temperature for two hours, heated for 
ten minutes, and decomposed in ice and hydrochloric acid. The carbon disulfide solu- 
tion was dried over sodium sulfate and upon concentrating and cooling gave 27 g. of 
crude crystalline diietone (72%); crystallized from benzene or alcohol; very pale yel- 
low; m. p. 52' (corr.). 

A d .  C a l c d , f ~ r Q ~ H ~ ~ O ~ :  C,81.56; H,5.64. Found: C81.27; H,5.70. 
The diketone reacts with bromine under a variety of conditions but gives largely 

oils, with the evolution of hydrogen bromide and the formation of lachrymatory by- 
products. Bromination in chloroform at  boiling temperature, however, gave a product 
which crystallized from chloroform and petroleum ether; m . p. 130 " (corr.). 

Cis-1,2-dibenzoylpropene-l (Dibenzoylmethylethylene) (XXV).-The trans isomer 
(5 g.) in 25 cc. of alcohol was exposed to direct sunlight for four days. The solution 
upon concentrating and cooling gave 3 g. of colorless crystals of the cis isomer (yield 
60%). Resinous by-products remained in solution; colorless needles; cryst. from alco- 
hol; m. p. 68.5' (corr.). 

Anal. Calcd. for CtrHl,Os: C, 81.56; H, 5.64. Found: C, 81.54; H, 5.58. 

Solutions of the cis isomer in alcohol, chloroform and benzene, containing a tract 
of iodine, were exposed to direct sunlight for lengths of time varying between five hours 
and two days. Only unchanged material and resinous by-products were isolated. 

One gram of the cis isomer was reduced with zinc and acetic acid to give 0.9 g. 
(89 0/0) of 1,2-dibenzoylpropane. 

1,2-Dibenzoylpropane (XXVI).-Trans-dibenzoylmethylethylene (5 g.) in 150 cc. 
of hot acetic acid was treated with 20 g. of zinc dust and the mixture boiled for fifteen 
minutes. Upon filtering, cooling and diluting with water, an  oily product separated 
which soon crystallized; yield of crude product, 4.1 g. (81%); crystallized from alcohol; 
colorless; m. p. 105O (corr.). 

Anal. Calcd. for CI7Hl8Oa: C, 80.91; H, 6.40. Found: C, 80.76; H, 6.32. 
Trans-1,2-di-[2,4,6-trimethylbenzoyl]-propene-1 (CHJ)~C&I~COC(CH~)=CHCO- 

C&I*(CH,)i.-Mesacony1 chloride (50 g.) was added to a well-stirred mixture of 80 g. 



of aluminum chloride in 75 g. of mesitylene and 200 cc. of carbon disulfide, and the red 
reaction mixture heated for fifteen minutes. The nearly pure diketone was isolated in 
the usual way; yield 68 g. (68%) ; crystallized from alcohol; yellow; m. p. 96" (corr.). 

A w l .  Calcd. for CsaH2aOa: C, 82.58; H, 7.84. Found: C, 82.27; H, 7.96. 
A number of attempts under a variety of conditions to prepare the cis isomer from 

the trans by exposure of the latter to sunlight failed, either unchanged material or in- 
tractable oils being obtained. Reduction under a variety of conditions failed to give a 
crystalline product. 

Bromination under a variety of conditions gave largely non-crystalline products, 
and hydrogen bromide was liberated. Bromination a t  O 0  in chloroform gave a mixture 
of products from which two substances were isolated. Analysis indicated one of these 
(m. p. 176O) to be a dibromide, and the other (m. p. 134") a monobromoethylene. 

Trans- 1 -benzoyl-2 -bromobenzoylpropene- 1 (III).-Trans-bromobenzoylcrotonyl 
chloride from 0.5 g. of the acid and 0.5 g of phosphorus pentachloride was treated 
directly (without separating from phosphorus oxychloride) with 3 cc. of benzene and 3 
g. of aluminum chloride. A deep red solution formed. After standing for four minutes 
the mixture was decomposed in ice and the benzene layer separated, extracted with 
sodium carbonate, dried and evaporated to yield an oil which crystallized from alcohol; 
yield 0.35 g. (59%); crystallized from ethanol as pale yellow, thin, elongated, rectangu- 
lar leaflets; m. p. 73-74 (corr.). I t  is yellow in solution. 

Anal. Calcd. for Cl7HIsO2Br: C. 62.00; H, 3.97. Found: C, 62.30, 62 27; H, 
4.13, 4.07. 

Trans-1-bromobenzoyl-2-benzoylpropene-1 (XXI).-Prepared in exactly the same 
way as the above isomer; yield 0.85 g. (72%) from 1 g. of the acid; crystallized from 
ethanol as pale cream-tinted, almost colorless, thin, diamond-shaped leaflets; m. p. 
56" (corr.). 

Anal. Calcd. for Cl1H1~02Br: C, 62.00; H, 3.97. Found: C, 62.20; H, 3.95. 

Summary 

Cis and trans P-bromobenzoylcrotonic acids and trans-@- [bromobenzoyl]- 
a-methylacrylic acid, and a number of derivatives, have been prepared and 
their structures and configurations elucidated. The effect of the sub- 
stituted methyl group in the various reactions concerned is discussed. 

The synthesis of methyl unsaturated 1,Pdiketones is described. 
UNIVERSITY, VIRGINIA RECEIVED SEPTEMBER 8, 1932 
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[CONTRIBUTION PROM THE CHEMISTRY LABORATORY OF THE UNIVERSITY OF MICHIGAN] 

The Reaction of Aromatic Ketones with Sodium. I. The 
Structure of the So-called Metal Ketyls 

BY W. E. BACHMANN 

Beckmann and Paul' observed that aromatic ketanes react with metallic 
sodium in anhydrous ether and give deeply colored sodium derivatives; 
they considered that the compounds were dimolecular and had the formula 
(R2)NaC-0-CONa(R2). Twenty years later, Schlenk2 and co-workers 
took np the study of these compounds. The intense colors of the compounds 
and the reactions with iodine and with oxygen indicated to them the pres- 
ence of a radical analogous to the triarylmethyls and they came to  the 
conclusion that the sodium compounds are free radicals of the type, 
R2CONa, formed by addition of an atom of sodium to a molecule of ketone. 
According to Schlenk, these ketyls, as they were named, are monomolecular 
and do not associate to the dimolecular form, sodium pinacolate, R2C- 
(ONa) (NaO)CR2. The strongest support for the monomolecular structure 
has been the observation of Schlenk and co-workers that hydrolysis of the 
compounds does not give pinacols but always a mixture of ketone and hy- 
drol. They rightly remark that if the sodium derivative had the dimolecu- 
lar structure of sodium pinacolate, then pinacols should result on hy- 
drolysis; and it is noteworthy that in not a single instance did Schlenk ob- 
tain a pinacol. According to him the formation of ketone and hydro1 
can be explained only on the basis of ketyl radicals and they formulated 
the reaction as follows 

Schlenk's views regarding the structure of the ketone-sodium compounds 
have been generally acceptedGr at  least uncante~ted.~ That these views 
are held a t  the present time is evident from the recent statements of Berg- 
m a n r ~ ; ~  according to him "the ketyls are practically monomolecular" 
and "it is impossible to obtain pinacols from the sodio-ketyls." For the 
past twenty years it has been considered that the sodium derivatives are 
free radicals existing in the monomolecular state. 

In 1927 it was shown with Professor M. GombergB that aromatic ketones 
react with a mixture of magnesium and magnesium iodide and are reduced 

(1) Beckmann and Paul, Ann., 266, 6 (1891). 
(2) Schlenk and Weickel, Ber., 44, 1183 (1911); Schlenk and Thal, ibid., 46, 2840 (1913) ; Schlenk, 

Appenrodt, Michael and Thal, ibid., 47, 486 (1914). 
(3) See for example the articles on metal ketyls in Stewart's "Recent Advances in Organic Chem- 

istry," London, 1932, Vol. 11, p. 335; and in Walden's "Chemie der freien Radikalen," Leipzig, 1924, 
p. 100. 

(4) Schmidlin's view ["Das Triphenylmethyl," Stuttgart, 1914, pp. 186-1881 that the compounds 
are loose combinations of the type, RzC=O.. .Na, has been shown to be incorrect, at least in liquid 
ammonia. Wooster, THIS JOURNAL, 51, 1856 (1929). 

(5) Bergmann, ibid., 64, 3773 (1932). 
(6) Gomberg and Bachmsnn, ibid., 49, 236 (1927). 



to iodomagnesium pinacolates, R2C (OMgI) (1MgO)CRz. Although color- 
less in the solid state, these pinacolates give colored solutions; this fact 
led us to the conclusion that in solution the pinacolates dissociate to a 
slight extent into iodomagnesium-ketyl radicals, R2C-OMgI, and this hy- 
pothesis was confirmed by the reactions of the solutions with iodine and 
with oxygen in the manner of the corresponding sodium compounds. The 
reduction of the ketones by the mixture of magnesium and magnesium 
iodide was, therefore, interpreted as taking place in the following manner 

That the latter equilibrium between the iodomagnesium-ketyl and the 
iodomagnesium pinacolate is nearly entirely (>99%) in favor of the pina- 
colate is shown by the fact that hydrolysis of the mixture gives nearly 
quantitative yields of pinacol and none of the mixture of ketone and hydrol. 

Because of the similarities between the iodomagnesium derivatives and 
the sodium compounds in the matter of color formation and reaction with 
iodine and with oxygen, it has seemed incredible that an enormous dif- 
ference exists between the two in the matter of structure. It seems impos- 
sible that the sodium pinacolates dissociate practically 100yo to ketyl 
radicals, as is indicated by lack of pinacol formation, while the iodomag- 
nesium pinacolates break down less than as shown by the yields of 
pinacol. In spite of the statements that pinacols are never formed on 
hydrolysis of the sodium compounds, we turned to this reaction in order 
to determine whether the sodium derivatives are actually monom~lecular.~ 
We followed the directions of Schlenk and co-workers and carried out about 
a dozen experiments with benzophenone and a number of other ketones. 
The colored mixtures which were obtained by the action of sodium on the 
ketones were hydrolyzed in an inert atmosphere either by pouring the 
mixtures into water or by adding alcohol to the mixture, a method fre- 
quently employed by Schlenk to replace the sodium by hydrogen, especially 
when using the apparatus recommended by him.8 In every case a careful 
search failed to reveal even a trace of pinacol; the products consisted of 
mixtures of ketone and hydrol in agreement with Schlenk. 

The clue to the solution of the problem was furnished by an observation, 
made during the investigation, that a small amount of alkali can rapidly 
effect the decomposition of a large amount of pinacol into a mixture of 
ketone and hydr01.~ It occurred to us that pinacol is formed on hydrolysis 

(7) We agree with Bergmann that the free ketyl itself would not give pinacol but ketone and hydrol 
on hydrolysis; if pinacol is formed it must come from sodium pinacolate. Although Schlenk mentioned 
that there might be ketones which would give pinacolates or mixtures of pinacolates and ketyls, he ap- 
parently never found such conditions in any case studied by him. 

(8) See Schlenk and Thal, Ref. 2, for apparatus and methods of preparing and handling the metal 
ketyls. 

(9) Bachmann;T~rs JOURNAL, 66,355 (1933); see also i b id . ,  66,770 (1933) for an application of the 
reaction. 
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of the ketone-sodium compounds and that the pinacol is subsequently 
broken down into ketone and hydrol by the action of the alkali liberated 
simultaneously on hydrolysis. It was thought that if the formation of 
alkali could be prevented, then pinacol would be obtained. With this 
thought in mind the mixtures were hydrolyzed by pouring them with vigor- 
ous stirring into dilute acetic acid. The results of the experiments fully 
substantiated the correctness of our idea. Hydrolysis with acetic acid 
gave pinacols in yields as high as 95%; practically no hydro1 was formed. 
According to our theory it: should be possible to get a quantitative yield 
of a pinacol that is not affected by alkali. Such a pinacol is 9,lO-diphenyl- 
dihydrophenanthrenediol, and in confirmation of our theory i t  was found 
that this pinacol is obtained in 100% yield. These results show that the 
reaction between ketones and sodium proceeds in the following manner 

From this it follows that the sodium derivatives of ketones, the so-called 
metal ketyls, are not monomolecular free radicals but sodium pinacolates or 
equilibrium mixtures of sodium-ketyl and sodium pinacola-te in which the 
equilibrium is nearly entirely in favor of the sodium finacobte (Equation 3). 

It is now easy to see why Schlenk, Bergmann and others have been 
misled in interpreting the reactions and the structures as they did. If 
the reaction mixture is decolorized by adding alcohol, there is no chance 
for the pinacol to survive; as soon as it is formed it is converted to a mixture 
of ketone and hydrol by the action of the sodium alcoholate, a reaction 
that is remarkably rapid. In a similar manner, if the mixture is poured 
into water the alkali which is formed will decompose the pinacol. Since 
the ketone and hydrol are products of a secondary reaction, the conclusions 
that have been drawn in the past from their presence cannot be correct. 

Comparison of Metal Pinaco1ates.-It was found that of the metals 
of the first group lithium, potassium, rubidium and cesium give colored 
derivatives of benzophenone which give benzopinacol on hydrolysis. 
Of the second group metals, beryllium (with beryllium i~d ide ) ,~  magnesium 
(with magnesium iodide or as amalgam) and calcium likewise react with 
benzophenone and give colored derivatives. The actions of these metals 
on benzophenone and the products that are formed are similar. In  each 
case colors are produced in the reaction; if the color is that of the ketyl, 
then the various metal ketyls of the formula (C6Hs)2C-OMe, where Me is 
the group indicated, have the following colors: Li, blue; Na, blue; K, 
violet-blue; Rb, blue; Cs, blue; IBe, red; Mg/2, blue; IMg, red; Ca/2, 
green. In every instance it is considered that the ketyls are intermediate 
products and that they associate nearly completely to the metal pinaco- 
lates, so that an equilibrium mixture of the two is formed. The amount 
of dissociation of the pinacolate varies with the pinacolate; in no case is 
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the dissociation great. All of the pinacolates react with iodine and with 
oxygen and give back the ketone in virtue of the slight dissociation of the 
pinacolates into the ketyl radicals; the individual ketyls may vary con- 
siderably in their reactivity with various reagents. If the pinacol is not 
decomposed by the alcoholate or hydroxide of the metal, no special pre- 
cautions, except protection from oxygen, need be taken with regard to the 
manner of carrying out the hydrolysis; the chief reason why quantitative 
yields of pinacols are easily obtained from the iodomagnesium pinacolates 
is the fact that the pinacols are not affected by iodomagnesium hydroxide 
or alcoholate. Although the reaction of ketones with sodium may be 
employed as a method of preparing pinacols, it  is hardly likely that the 
reaction will be used in place of the Mg + MgIz reaction because the latter 
method has so many advantages. It is clear that there are no real differ- 
ences in the structures of the products obtained from ketones and different 
metals; there is simply a gradation of properties in the series of metal 
pinacolates that are formed. 

Experimental 
In all experiments moisture and air were rigorously excluded. All operations were 

carried out in a stream of nitrogen which was purified by being passed through concen- 
trated sulfuric acid and through a solution of benzophenone-disodium. The latter re- 
agent is able to react with oxygen, water and carbon dioxide and is, therefore, a conven- 
ient purifying agent. The mixture was prepared by shaking a solution of 5 g. of benzo- 
phenone in 50 cc. of ether and 50 cc. of toluene in a wash-bottle with 5 g. of 40% sodium 
amalgam until the mixture was violet-red in color; this reaction required several days. 

The reactions were usually carried out in glass-stoppered graduated cylinders; the 
glass stopper was sealed with the new lubricant of Meloche and Fredrick,lo the top was 
covered with paraffin and the stopper was tied down; the flask was shaken mechani- 
cally. In many experiments 2% sodium amalgam was used in place of the metal alone; 
the mercury prevents to a great extent the formation of the disodium derivative," ex- 
cept in the case of fluorenone. Hydrolysis was carried out by forcing the mixture by a 
stream of nitrogen into 400 cc. of 10% acetic acid (freshly boiled) contained in a I-liter, 
3-necked flask which was fitted with an inlet tube, an outlet tube passing through a 
mercury trap and a mercury-sealed stirrer. The mixture is run into the acid slowly in 
order to  avoid accumulation of the sodium compound, for it too can decompose the pina- 
col. One must constantly bear in mind that the decomposition of the pinacol by alkali 
is extremely rapid; only after dozens of experiments were carried out was it possible to 
obtain consistently high yields of pinacols. Best results were obtained if the keSone was 
not converted completely to the sodium derivative; excess of either ketone or metal was 
isolated a t  the end of the reaction and taken into account in calculating the yield of prod- 
uct. At times considerable amounts of ketone were obtained even when a sufficient 
amount of sodium had apparently reacted. 

Reaction of Benzophenone with Sodium.-Five to ten gram portions of benzo- 
phenone in 120 cc. of ether were shaken with 100 g. of 2% sodium amalgam. The solu- 
tion quickly became green and then dark blue; after several days a large amount of pale 
blue precipitate was present. The mixtures were hydrolyzed after being shaken for 

(10) Meloche and Fredrick, Tars JOURNAL, 54, 3264 (1932). 
(11) Schlenk and Bergmann, Ann., 464, 26 (1928). 
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periods of time ranging from two days to two months. The ether solutions were sepa- 
rated from the aqueous solution, dried, filtered and evaporated. The benzopinacol 
obtained in this manner was stirred with 20 cc. of 80% alcohol in order to remove benzo- 
hydrol,12 if any were present, and after filtration the pinacol was warmed with 20 cc. of 
petroleum ether (60-$OD) in order to remove benzophenone, The pinacol was then re- 
crystaJlized from a mixture of chloroform and alcohol. From the alcohol and petro- 
leum ether extracts small amounts of pinacol were isolated. In an experiment in which 
7.5 g. of benzophenone had reacted during two weeks of shaking there was obtained 
6.5 g. (86%) of benzopinacol; m. p. 188-190". From the experiments with sodium 
amalgam over 200 g. of benzopinacol has been isolated. Dioxane can be used in place of 
ethyl ether; the color phenomena and the products are similar to those produced io 
ordinary ether. When the reaction mixture was hydrolyzed by adding alcohol until 
no more color remained, no pinacol was obtained; the products were benzophenone and 
benzohydrol. 

Benzopinacol was also obtained by hydrolyzing the mixture resulting from the action 
of mercury on benzophenone-disodium. The reaction between the mercury and benzo- 
phenone-disodium must be 

2(CeH5)2C-Na(ONa) + Hg -+ NaHg + 2(C6Hs)zC-ONa 
(C,H,),C(ON~)(N~O)C(C~HS)~ 

T i e  reaction with sodium metal was like that with amalgam. The theoretical 
amount or a slight excess of sodium in the form of wire was shaken with a solution of 
benzophenone in ether; glass beads aided in carrying the reaction to completion. At 
the start of the reaction the sodium wire became red and then quickly changed to blue. 
After an hour the solution was violet-blue in color and after several days a large amount 
of precipitate was present. The color obtained with sodium metal was darker than the 
color formed with sodium amalgam and always had a violet shade even when the ketone 
was present in excess. The yields of pinacol were usually somewhat smaller than those 
obtained by using sodium amalgam. 

A search of the literature revealed that the formation of benzopinacol had a t  times 
been observed by several investigators. Thus, Beckmann and Paul reported that hy- 
drolysis of the sodium derivative of benzophenone gave either a mixture of benzo- 
phenone m d  benzohydrol or else a mixture of these two products in addition to benzo- 
pinacol. They made the curious statement that the formation of benzopinacol depends 
upon the amount of water used for hydrolysis and upon the time taken to isolate the 
products; only when a large amount of water and a short period of time are employed 
is it possible to isolate pinacol. We are now in a position to explain this strange state- 
ment. If a small amount of water is used, then the great concentration of alkali formed 
on hydrolysis can decompose the pinacol; this decomposition is favored if the pinacol is 
allowed to remain in contact with the alkaline solution for a long time. By employing 
a large amount of water, a weak solution of alkali is obtained and some pinacol remains. 
The results of Beckmann and Paulr8 and especially of Acree,I4 who reported a 60% yield 
of benzopinacol, have been neglected in formulating the ketyl theory. 

Reaction of Benzophenone with Lithium, Potassium, Rubidium and Cesium.- 
In like manner, benzopinacol was obtained by hydrolysis of the reaction mixtures ob- 
tained from benzophenone and lithium and potassium, free and in the form of amal- 

(12) Cohen [Rec. trav. cha'm , 38, 72 (1919)l found that 10 cc. of 80% alcohol can dissolve 3.5 g. of 
benzohydrol. We have found that it is also capable of dissolving 3.5 g of benzophenone in addition to 
the benzohydrol already present. 

(13) Schlenk originally considered that small amounts of pinacol might be formed by association 
of the diphenylhydroxymethyl radicals formed on hydrolysis of the ketyl radicals. 

(14) Acree, Am. Chem. J., 89, 588 (1903). See also Tingle and Gorsline, THIS JOURNAL, 30, 1880 
(1908), who obtained a 6.5% yield of pinacol. 



gams. The color of the lithium compound was pale green and a t  times it seemed to be 
nearly colorless. 

For the reaction with rubidium a liquid amalgam was prepared from 1.0 g. of ru- 
bidium and 20 g. of mercury; with benzophenone in ether an intense blue color was pro- 
duced. Hydrolysis of the solution yielded benzopinacol. Similarly an intense blue 
color was fornied when the liquid amalgam from 0.25 g. of cesium and 25 g. of mercuy 
was shaken with benzophenone in ether; benzopinacol was isolated from the hydrolyzed 
mixture. 

Reaction of Benzophenone with Calcium Amalgam.-Mixtures of 5 to 6 g. of 
benzophenone and 80 g. of 1% calcium amalgam in 125 cc. of ether were shaken for two 
weeks. The solution became dark green in color and after several days deposited a large 
amount of dark green crystals; after two weeks the solid was reddish-brown in color. 
Hydrolysis gave an 87% yield of benzopinacol. 

Reaction of Benzophenone with Magnesium Amalgam.-Magnesium amalgam was 
prepared from 0.24 g. of magnesium ribbon and 36 g. of mercury heated under toluene; 
about twenty minutes was required for complete combination. The amalgam of this 
concentxation is semi-liquid. Thc amalgam was added to a solution of 3.0 g. of benzo- 
phenone in 60 cc. of ether. After fifteen minutes of shaking the solution was blue and 
this color remained for a week; after twelve days the color was red. The yields of pina- 
col obtained after two days of shaking were 80% of the theoretical amount. Longer 
shaking seemed to decrease the yield. Perhaps the failure t o  obtain benzopinacol in 
our first experiments6 with magnesium amalgam was due to the solid amalgam which 
was used; the amalgam probably became coated with magnesium oxide and the reaction 
was prevented. The low yields (6-7%) of pinacol obtained by Gilman and Brown15 
are explainable on the same basis. By employing the semi-liquid amalgam and shaking 
the mixture to expose fresh surfaces good yields of pinacol are obtained. 

If a colorless solution of magnesium iodide is added to the blue solution obtained 
from benzophenone and magnesium amalgam, the blue color immediately changes t o  a 
cherry-red color which is like that obtained by the action of magnesium and magnesium 
iodide on benzophenone. The reaction is considered to be 

followed by a slight dissociation of the iodomagnesium pinacolate into the red iodo- 
magnesium-ketyl radicals, (CaHs)2C--C$MgI. Furthermore, the same red color and no 
blue color results when benzophenone is reduced by a mixture of magnesium amalgam 
and magnesium iodide. 

On the basis of color Bergmann and Schuchardt16 decided that the red color of solu- 
tions of iodomagnesium pinacolate cannot be attributed to iodomagnesium-ketyls but to 
a magnesium compound, (CF,HS)~COM~, similar to benzophenone-disodium. Contrary 
to this view is the fact that the red color is formed from the start of the reaction; this 
means that the red compound is stable in the presence of a large excess of ketone, a cir- 
cumstance that would be highly improbable if the red compound is like benzophenone- 
disodium and is similar to a Grignard reagent. Bergrnann's prediction that if the com- 
pound, RzCOMgI, were formed i t  would remain in the monomolecular state like the 
sodium-ketyls and not associate to the pinacolate no longer has any weight since we 
have shown that even the sodium compounds are dimolecular. 

The entire amount of iodomagnesium pinacolate can be converted by iodine to ke- 
tone and not only an amount corresponding to the quantity of colored material present 

(15) Gilman and Brown, Trrrs JOURNAL 63, 1128 (1930). 
(161 Bergmann and Schuchardt, Ann., 487, 285 (1931). 
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as Bergmann supposed. If the color were due to the presence of a small amount of 
magnesium compound, and if the color is destroyed by the action of iodine, then the 
solution should become colorless and remain so. As a matter of fact the red color con- 
tinues to reappear throughout the solution; this occurs even after 90% of the pinacolate 
has been converted to ketone by the action of iodine, a fact explainable only by assum- 
ing that the colored compound is derived continuousiy from the pinacolate. 

Finally, Bergmann's supposition that the formation of the red color when a Grig- 
nard reagent is added to a solution of pinacol is due to metallic magnesium that cannot 
be removed completely from the Grignard reagent is far from correct. By filtration of a 
Grignard reagent through hardened filter paper a solution can be obtained which is 
entirely free of suspended particles. This is especially easy to accomplish if one uses. 
as we do, pure, distilled magnesium1' either in the form of rods or heavy ribbon. By 
means of this pure magnesium i t  is possible to prepare a colorless solution of ethylmag- 
nesium iodide. If this colorless solution is filtered onto a solution of benzopinacol, a 
red colored solution is obtained which contains the equilibrium mixture: R&(OMgI)- 
(1MgO)CRs 2%C-OMgI 

Too much weight must not be placed on mere color phenomena in interpreting the 
structures of the metallo compounds. I t  is generally considered that the color of the 
sodium compounds is the color of the ketyl radicals; in fact the colors have been cited 
as proof of the radical nature of the compounds. In view of our results, may slot the 
color be attributed to a quinonoid form of sodium pinacolate? The whole question of 
the origin of the color of the compounds is obscure; how little we know of the cause of the 
color is exemplified by the fact that the ketone-disodium compounds are likewise in- 
tensely colored. 

Reaction of Fluorenone with Sodium.-Fluorenone was allowed to react with the 
calculated amount of sodium wire in the same manner as described for benzophenone. 
After a short time a heavy dark green precipitate was formed; this appeared to be a 
complex formed between the ketone and the sodium derivative because the solid dis- 
appeared as the reaction proceeded further. After twenty-four hours a large amount 
of muddy green solid was present; after three days the solution was dark green and 
contained a green precipitate. From the reaction between 5.0 g. of fluorenone and 
0.64 g. of sodium wire there was obtained by hydrolysis after ten days a pale yellow 
solid which was found to consist of fluorenopinacol and a small amount of fluorenone. 
The fluorenopinacol was obtained in the form of colorless prisms by recrystallization of 
the mixture from benzene and alcohol; yield, 4.8 g. (95%); m. p. 188-190". The com- 
pound was identical with the pinacol prepared from fluorenone by reduction by magne- 
sium and magnesium iodide.6 

In one experiment 6.0 g. of fluorenone was allowed to react with 1.0 g. (30% ex- 
cess) of sodium. After thirteen days of shaking the mixture was hydrolyzed; it yielded 
75% pinacol, 24y0 fluorenol and 1% of fluorenone; calculated, 70% pinacol and 30% 
fluorenol. When the crude product was recrystallized from alcohol two kinds of crys- 
tals Were obtained; one kind was pinacol, the other form melted a t  151 O. This latter 
compound was found to be a complex produced by combination of fluorenol and fluoreno- 
pinacol and is similar to the complex which is formed between fluorenone and fluoreno- 
pinac01.~ The proportions of each constituent present in the complex were determined 
by treating 1.08 g. of the compound with a solution of sodium ethylate; under these 
conditions the pinacol was converted to a mixture of fluorenone and fluorenol. The 
mixture of ketone and hydro1 was separated by recrystallization from benzene, from 
which the fluorenol crystallizes with benzene of crystallization. The weights of fluore- 

(17) This magnesium, which is 99.7% pure, is made by the Aluminum Company of America, Ni- 
agara Falls, N. Y. This pure magnesium is recommended for making Grignard reagents having a high 
degree of purity. 



none (0.38 g.) and of fluorenol(0.72 g.) obtained by this method indicated that the com- 
plex consists of one mole of pinacol to one mole of fluorenol. This result was confirmed 
by reaystallizing mixtures of different proportions of pinacol and fluorenol from ben- 
zene. From the mixture of two parts by weight (one mole) of pinacol to one part (one 
mole) of fluorenol, only the complex of melting point 151 was obtained; other propor- 
tions gave mixtures of the complex and one of the components. 

Reaction of 2,2'-Dibenzoylbiphenyl with Sodium.-A mixture of 1.5 g. of 2,2'- 
dibenzoylbiphenyl and 80 g. of 2Y0 sodium amalgam in 70 cc. of ether was shaken for 
four days. In this time no trace of color developed; a large amount of the sodium pina- 
colate was present as a colorless solid. The product which was obtained on hydrolysis 
of the mixture consisted of 1.1 g. (73%) of 9,lO-diphenyldihydrophenanthrenediol of 
m. p. 202" and 0.4 g. (27%) of the stereoisomer of m. p. 178-179'. The mixture was 
separated by repeated recrystallization from methyl alcohol in which the lower melting 
isomer is more soluble than the other. The same products in similar proportions are 
obtained by reducing dibenzoylbiphenyl by a mixture of magnesium and magnesium 
iodide.18 It is clear that the reductions by sodium and by the binary system are of the 
same nature. 

I t  was found that the pinacol is unaffected by sodium alcoholate, unlike most pina- 
cols. When 0.5 g. of pinacol was shaken with a solution of sodium alcoholate in ether 
and benzene no decomposition of the pinacol occurred in three hours. The stability of 
the pinacol is shown by the fact that it can be prepared from dibenzoylbiphenyl by re- 
duction by zinc dust in potassium hydroxide solution. 

Reaction of 4Phenylbenzophenone and 4,4'-Diphenylbenzophenone with So- 
dium.--Five to ten gram portions of 4-phenylbenzophenone and 100 g. of 2% sodium 
amalgam in 120 cc. of ether were shaken for three weeks. In a short time an intensely 
colored blue-green solid appeared (complex). After some time this solid disappeared 
and a bright emerald-green mixture resulted which contained a light green precipitate. 
When the mixture was run into dilute acetic acid a large amount of pinacol precipitated. 
This was filtered off, washed with acetone and recrystallized from a mixture of chloro- 
form and acetone, from which it was obtained in the form of colorless needles; m. p. 
198". In one experiment in which 6.0 g. of ketone had reacted, 5.5 g. (90%) of the pina- 
col was obtained. The product was found to be identical with 4,4'-diphenylbenzopina- 
col that is formed by reduction of the ketone by magnesium and magnesium iodide.6 
The result is of especial interest since the potassium derivative of this ketone was used 
by Schlenk in molecular weight determinations and was interpreted as being mono- 
molecular. 

In a similar manner 4,4f,4",4fff-tetraphenylbenzopinacol was obtained in 70% 
yields by hydrolysis of the sodium derivative of diphenylbenzophenone. When the 
solid pinacol was treated with a solution of sodium ethylate a green color was produced 
and the pinacol was cleaved into a mixture of ketone and hydro]. 

Although Schlenk and Weickel stated that benzene solutions of the sodium deriva- 
tives of the ketones are unfortunately colloidal so that the structures could not be deter- 
mined by molecular weight determinations but only from the reactions of the compounds, 
nevertheless, Schlenk and Thal made use of determinations of the molecular weight in 
ether to prove that the compounds are monomolecular. I n  addition to the probability 
that the ether solutions are likewise colloidal there arises the question whether the re- 
action between the ketone and the metal was complete. This is important when one 
considers that a difference of less than one-tenth of a degree elevation in the boiling 
point determined whether the compound was completely n~onomolecular or entirely 
dimolecular. We have carried out an experiment which shows that the results of the 
determinations are of doubtful value. We have shaken in a sealed tube in an atmos- 

(18) Bachmann, THIS JOURNAL. 54, 1969 (1932). 



March. 1933 T m  STRUCTURE OF THE METAL KETYLS 1187 

phere of nitrogen a mixture of 0.2144 g. of 4-phenylbenzophenone and 0.035 g. of potas- 
sium in 17.5 g. of ether, the exact proportions used by Schlenk in a molecular weight de- 
termination. After the mixture had been shaken for a few days a considerable amount 
of potassium pinacolate was present as an insoluble precipitate. This precipitate did 
not dissolve when the mixture was warmed to the boiting point of the solution. These 
results show that Schlenk and Thal eithex had not carried out the reaction to completion 
or else had supersaturated solutions. In either case the determinations would have no 
value. 

Conclusion 

W of the reactions of the sodium derivatives of the ketones that  have 
been studied so far are in harmony with our view that the compounds are 
chiefly sodium pinacolates. We are now examining the reactions of the 
compounds with a variety of reagents and we shall publish the results in 
the near future. It is not unlikely that the structures of the compounds 
formed by the action of sodium on ketones in liquid ammonia1g are like- 
wise dimolecular; a t  any rate a reexamination of the products from this 
point of view may prove of value. 

The reaction between sodium triphenylmethyl and benzophenone must 
now be considered to be analogous to the reaction between triphenylmethyl- 
magnesium bromide and ben~ophenone~~ which yields triphenylmethyl and 
bromomagnesium pinacolate; the sodium triphenylmethyl reaction should 
now be written 

In our opinion many or all of the compounds obtained by addition of 
potassium to benzopinacolone, phenanthrenequinone, dimethylpyrone, 
etc., are not ketyls as Schlenk supposes but are sodium pinacolates or re- 
lated compounds. We are examining these compounds from this view- 
point. 

Finally we are studying the action of metals, free and in the form of amal- 
gams, on aldehydes, esters and other compounds in the hope of clearing up 
the reactions undergone by these compounds. 

Summary 
The products obtained by the action of sodium on aromatic ketones in 

anhydrous ether are chiefly sodium pinacolates, R2C(ONa) (NaO)CRt, and 
not free ketyl radicals, R2C-ONa, existing in the monomolecular state as 
has been supposed up to this time. 

Hydrolysis of the sodium pinacolates with dilute acid gives pinacols in 
excellent yields. In  order to account for the reactions of the pinacolates 
with certain reagents i t  is assumed that the pinacolate is in equilibrium 

(19) Wooster, THIS Jouxwa, 50, I388 (19281, concluded that in liquid ammonia the monosodium 
derivative appears to be a typical radical in accordance with the views of Schlenk. 

(20) Bachmann, ibid. ,  53, 2758 (1931). 
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with small amounts of ketyl radicals, 2RzC-ONa R2C(ONa) (Na0)- 
CR2. The ketyl radicals are intermediates in the reduction of the ketone 
to the pinacolate. 

Other metals such as lithium, potassium, rubidium, cesium, beryllium, 
magnesium and calcium react in the manner of sodium. In all cases the 
products are metal pinacolates which differ from the sodium pinacolate 
and from each other only in degree. 

ANN ARBOR, MICHIGAN RECEIVED SEPTEMBER 12, 1932 
PUBLISHED MARCH 7,1933 

[CONTRIBUTION FROM THE CHEMICAL LABORATORY, CASE SCHOOL OF APPLIED SCIENCE] 

Quinazolines. V. The Partial Hydrolysis of 24-Dialkoxy- 
quinazolines with the Formation of 2-Alkoxy-4-ketodihydro- 

quinazolines 

The earliest derivatives of quinazoline on record were prepared by 
Peter Griess in 1869. By the action of cyanogen on anthranilic acid in 
alcoholic solution he obtained 2-ethoxy4-ketodihydroquinazoline, and 
from this, through hydrolysis with hydrochloric acid, benzoylene urea.' 
In 1910 Finger and Zeh2 condensed cyanimidocarbonic acid ethyl ester 
with methyl and ethyl anthranilates, and found that the products were the 
same in both cases. Their compound was subsequently shown to be 
identical with the 2-ethoxy-4-ketodihydroquinazoline of Griess, and the 
reactions leading to its formation were explained as follows3 

N - + ROH 

'COOR 
II 
0 

Griess' reaction probably follows a similar course, the addition product, 
(CN)2NH2C6H4COOH, first formed losing HCN to form a N-cyano- 
anthranilic acid, which then adds alcohol and rearranges as indicated, the 
3,4-dihydro structure4 being preferred since the substance, on methylation 
followed by hydrolysis, is transformed into 3-methylbenzoylene urea.5 

(1) Griess, Ber., 1, 415 (1869). 
(2) Finger and Zeh, J .  prakt. Chem., 121 81, 468 (1910). 
(3) Finger and Gunzler, Berichtigung, ibid. ,  [2] 83, 198 (1911). 
(4) See also Bogert and Gortner, Tsrs JOURNAL, 32, 123 (1910). 
( 5 )  Finger, J. prakt. Chem , [2] 81, 470 (1910). 



With a view of confirming the alcohol splitting and subsequent ring closure 
at  the anthranilic ester portion of the molecule, as written above, rather 
than the explanation originally proposed by Finger and Zeh,@ McKee7 
in 1911, treated ethyl anthranilate with cyanimidocarbonic acid methyl 
ester and obtained the expected 2-methoxy-4-ketodihydroquinazoline. 
This compound possessed properties similar to those of the ethoxy deriva- 
tive of Griess and of Finger and Zeh, and like the ethoxy derivative was 
readily hydrolyzed to benzoylene urea. 

The synthesis to be described may be considered as a reversal of the 
original synthesis of Griess, as well as that of Finger and Zeh, since by the 
alkaline hydrolysis of 2,4-diethoxyquinazoline, prepared from benzoylene 
urea through the intermediate 2,4-dichloroquinazoline, 2-ethoxy-4-ketodi- 
hydroquinazoline is obtained. The ester-like character of the 4-alkoxy 
group as compared with a similar ether substituent in the 2-position of 
quinazoline is also demonstrated. When 2,4-diethoxyquinazoline (I) is 
warmed with a methyl alcoholic solution of sodium methylate, a mixed 
quinazoline diether, 2-ethoxy-4-methoxyquinazoline (IV)  result^.^ 

--+ 

I 

I 
OR' 

I1 
0 

I I  
0 

IV v VI  
Where R = GHa then R' = CH3. or when R = CHa then R' = C2Hs 

On prolonging this treatment, however, the yield of the mixed diether grad- 
ually decreases and an alkali-soluble product, 2-ethoxy-4-ketodihydro- 
quinazoline (II), is formed. By substituting alcoholic sodium ethylate for 
the sodium methylate the same product is obtained directly from diethoxy- 
quinazoline (I), without any intermediate mixed diether formation taking 
place.g The 2-ethoxy-4-ketodihydroquinazoline (11) thus prepared, pos- 
sesses all of the properties previously recorded for this substance and, in the 
presence of hydrochloric acid, is easily hydrolyzed to benzoylene urea (111). 
It reacts readily with dimethyl sulfate to give 2-ethoxy-3-methyl-4-ketodi- 
hydroquinazoline (V), the properties of which agree with those previously 

(6) Ref. 2, p. 466. 
(7) McKee, ib id . ,  [2] 84, 821 (1911). 
(8) Laage and Sheibley. Tars JOURNAL. 54, 4306 (1932). 
(9) The hydrolyzing action is due, of course, to the small amount of water present. When the 

better grades of abs~lute  alcohols were used only a very slight hydrolysis occurred. 



described by Fingd for the same substance. Hydrolysis with hydro- 
chloric acid now gives 3-methylbenzoylene urea (VI), identical with the 
same compound prepared directly from benzoylene urea (111) by methyla- 
tion with methyl iodide and alkali.1° 

2-Ethoxy-4-ketodihydroquinazoline (11) being a known substance, there- 
fore, the position of the partial hydrolysis of diethoxyquinazoline (I) 
under alkaline conditions is indicated, and the constitution of 2-ethoxy-4- 
methoxyquinazoline (IV) follows. The isomeric mixed diether, 2-methoxy- 
4-ethoxyq~inazoline,~ must, by elimination, be as represented, since it is 
the second of two possibilities in a discussion limited to 2,4-diethers only. 
This view is confirmed by an analogous system of reactions, starting with 
2,4-dimethoxyquinazoline. When this substance (T) is subjected to pro- 
longed boiling with alcoholic sodium ethylate or methyl alcoholic sodium 
methylate it is converted into 2-methoxy-4-ketodihydroquinazoline (11), 
2-methoxy-4-ethoxyquinazoline (IV) being an intermediate product 
when the former reagent is employed. The 2-methoxy-4-ketodihydro- 
quinazoline (11) thus obtained had a constant melting point of 21S0 for 
different preparations and was hydrolyzed smoothly to benzoylene urea 
(111) by dilute hydrochloric acid. The methoxy keto compound described 
by McKee, on the other hand, melted at 231-232'; his experiment was, 
therefore, repeated when a product melting at 226' after crystallization 
from alcohol was obtained. The accidental isolation, in an earlier experi- 
ment, of an apparently higher melting 2-ethoxy-4-ketodihydroquinazoline 
suggested that the hydrolysis product and the substance obtained by 
repeating McKee's experiment were nevertheless the same, and the prob- 
lem resolved itself into showing that the two compounds with different 
melting points were yet identical. This was accomplished through 
methylation, both products (11) being converted into a new substance, 
2-methoxy-3-methyl-4-ketodihydroquinazole (V), on treatment with 
dimethyl sulfate. The new compound (V) was then subjected to acid 
hydrolysis and 3-methylbenzoylene urea (VI) obtained in both cases. 
That the variation in melting points is due to small amounts of benzoylene 
urea being present and affecting the temperature of the decomposition 
into benzoylene urea which ensues upon melting, remains a matter of 
conjecture. By condensing cyanimidocarbonic acid methyl ester with 
methyl anthranilate instead of the ethyl anthranilate employed by McKee, 
2-methoxy-4-ketodihydroquinazoline identical, even to the melting point, 
with the same substance produced by the alkaline hydrolysis method, was 
obtained. 

Two other isolated instances of the same partial hydrolysis in the pres- 
ence of alkali were also observed. Attempts to remove the chlorine of 2- 
chloro-4-ethoxyquinazoline by treatment with dilute acids resulted only 
(10) Bogert and Scatchard, Tms JOURNAL, 41, 2062 (19191. 
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in the formation of benzoylene urea, and showed that the compound is 
totally unstable under these conditions. When it is boiled with alcoholic 
potash, however, only the ethoxy group is removed, and 2-chloro-4-keto- 
dihydroquinazoline is formed. Similarly, 2,4-diphenoxyquinazoline, on 
warming with alcoholic potash, is transformed into 2-phenoxy-4-ethoxy- 
quinazoline? ,a slow hydrolysis to 2-phenoxy-4-ketodihydroquinazoline 
then taking place. By substituting sodium ethylate in alcohol for the 
alcoholic potash a more rapid hydrolysis is realized, both the phenoxy- 
ethoxy derivative and its methoxy analog being converted into Bphenoxy- 

A11 melting points given in this paper are corrected. 

Experimental Part 
The 2,4-dialkoxyquinazolines (I) used in these experiments were prepared by dis- 

solving just two molecular proportions of sodium in a convenient volume of the absolute 
alcohol, adding a slight excess over one molecular proportion of 2,4-dichloroquinazoline, 
and re%uxing on a steam-bath for two hours. The cooled solution was poured into a 
large excess of water and the precipitated dialkoxyquinazoline filtered off and crystal- 
lized from alcohol. In  the following experiments 95% alcohols were employed unless 
otherwise stated. 

Preparation of 2-Ethoxy4ketodihydroquinazoline (II).-Four grams of 2.4- 
diethoxyquinazoline in 20 cc. of alcohol was added to 0.5 g. of sodium dissolved in 20 
cc. of alcohol and the mixture gently boiled on a steam-bath for six hours. On cooling, 
it was poured into 200 cc. of water and the clear solution made just acid with acetic acid. 
The 3.3 g. of precipitate that separated was crystallized from alcohol, forming long color- 
less glistening needles, m. p. 179 '. When methyl alcohol was used in place of the ethyl 
alcohol, the same product was obtained. With shorter periods of heating or when abso- 
lute alcohols were employed the hydrolysis was incomplete, and on pouring into water 
some unchanged diethoxyquinazoline, or 2-ethoxy-4methoxyquinazoline when methyl 
alcohol was used, precipitated. 

Anal. Calcd. for CIOH~OO~N~: C, 63.12: H, 5.30. Found: C, 63.46: H, 5.25. 
The substance, on warming with a little hydrochloric acid in alcohol, was com- 

pletely hydrolyzed to benzoylene urea, m. p. 351°. On methylation with dirnethyl 
sulfate the product described by Finger, 2-ethoxy-3-methyl4ketodihydroquinazoline 
(V), was obtained. Seven-tenths gram of 2-ethoxy-4-ketodihydroquinazoline dissolved 
in 10 cc. of normal sodium hydroxide was treated with 1 cc. of dimethyl sulfate and al- 
lowed to stand for twenty-four hours. The 0.6 g. of precipitate that separated crystallized 
from dilute alcohol in small prisms, m. p. 75-76", and on warming with dilute hydro- 
chloric acid was readily hydrolyzed to 3-methylbenzoylene urea, rn. p. 242 '. 

Anal. Calcd. for C11H11@N2: C. 64.67; H, 5.93. Found: C, 65.20; H, 6.05. 
In  one preliminary experiment in which diethoxyquinazoline was boiled with abso- 

lute methyl alcoholic sodium methylate for eight hours, a substance crystallizing from 
alcohol in small needles, m. p. 202-205", was obtained. This material is apparently a 
higher melting variety of 2-ethoxy-4-ketodihydroquinazoline, but attempts to produce 
it again were unsuccessful, the normal form of the compound (m. p. 17g0) always re- 
sulting. When i t  was mixed with the latter the melting point was 185 ', and hydrolysis 
with dilute hydrochloric acid gave benzoylene urea as before. On methylation with 
dimethyl sulfate a partial hydrolysis occurred and a pasty product (m. p. 190-220° and 
217-230' after an attempted purification), which, however, gave pure 3-methylbenzoyl- 
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ene urea on hydrolysis, was formed. Specimens of the normal compound melting a t  
179 O, when contaminated with a small amount of benzoylene urea, underwent a slight 
lowering of the melting point. 

Anal. Calcd. for CloHloOzN2: C, 63.12; H, 5.30. Found: C, 62.74; H, 4.98; 
C, 62.65; H, 5.24. 

Preparation of 2-Methoxy-4-ketodihydroquinazoline (II).-Four grams of 2,4- 
dimethoxyquinazoline and 0.5 g. of sodium, each dissolved in 20 cc. of methyl alcohol, 
were mixed and the solution boiled gently on a steam-bath for five hours. At the end of 
this time the cold solution was poured into 200 cc. of water and the 1.2 g. of unchanged 
dimethoxyquinazoline that precipitated was removed by filtration. The filtrate, acidi- 
fied with acetic acid, yielded 2.1 g. of crude 2-methoxy-4-ketodihydroquinazoline, a fur- 
ther quantity of more impure material being obtained by salting out the final acid filtrate. 
Crystallization from alcohol gave short colorless needles, m. p. 218". On warming an 
alcoholic solution of the substance with a little hydrochloric acid, benzoylene urea, m. p. 
352'. precipitated. When 1.2 g. of dimethoxyquinazoline and 0.2 g. of sodium in 40 cc. 
of alcohol was boiled for five hours the hydrolysis was complete, the yie!d of precipitated 
2-methoxy-4-ketodihydroquinazoline amounting to 1.0 g. As in the case of the ethoxy 
derivative, only a slight hydrolysis occurred when absolute alcohols were used as solvents. 

Anal. Calcd. for CsHsOzN2: C, 61.34; H, 4.58. Found: C,  61.90; H, 4.61; 
C, 61.71; H, 4.78. 

Preparation of 2-Methoxy-3-methyl-4-ketodihydroquinazole (V).-To 1.15 g. 
of 2-methoxy-4-ketodihydroquinazoline dissolved in 20 cc. of normal sodium hydroxide 
solution was added 2 cc. of dimethyl sulfate, and the mixture allowed to stand with 
occasional shaking, an alkaline reaction being maintained by adding small amounts of 
sodium hydroxide solution whenever necessary. A precipitate began to form imme- 
diately and within a few hours had filled the whole solution. After six hours the mix- 
ture was warmed on a water-bath to decompose any traces of dimethyl sulfate, the pre- 
cipitate melting to a more compact mass. This was resolidified by cooling in running 
water for a few minutes, removed by filtration and dried, and weighed 1.0 g. Crystalliza- 
tion from dilute alcohol yielded 0.85 g. of small white needles, m. p. 93", with a faint 
but pleasant odor similar to that of 2,4-dimethoxyquinazoline. The substance dis- 
solved readily in warm dilute hydrochloric acid from which solution, after a few minutes, 
fine needles of 3-methylbenzoylene urea, m. p. 2G0, separated. This hydrolysis prod- 
uct is evidently quite pure, for specimens of 3-methylbenzoylene urea obtained from the 
hydrolyses of 2-ethoxy-3-methyl-4-ketodihydroquinazoline described above also had 
m. p. 242O, the melting point of 3-methylbenzoylene urea recorded by previous investiga- 
torslo being 237-238'. A mixed melting point using a sample of 3-methylbenzoyIene 
urea prepared from benzoylene urea and methyl iodide following their procedure, con- 
firmed the identity of the hydrolyzed products. 

Anal. Calcd. for CIOHIOO~N~: C, 63.12; H, 5.30. Found: C, 63.50; H, 5.44. 

Preparation of 2-Methoxy-4-ketodihydroquinazoline by the Direct Method.7- 
Cyanimidocarbonic acid methyl ester, HN=C(CN)OCHa, was prepared by McKee's 
modification of the method employed by Nefll in preparing the corresponding ethyl 
ester. The product was a colorless refractive oil with an odor similar to that of 2.4- 
dichloroquinazoline or of acetamide, and boiled around 50" a t  40 mm. pressure. Six 
grams of the ester was mixed with 17 g .  of ethyl anthranilate and 2.5 g. of cuprous 
chloride and the mixture immersed in water a t  SO0, since on gradually heating it to this 
temperature the reaction followed a different course and unknown products were 
formed. The 2-methoxy-4-ketodihydroquinazoline was isolated by following McKee's 

(11) Nef, Ann., 287, 296 (1895). 
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procedure. Short colorless needles, m. p. 225', and identical in appearance with the 
2-methoxy-4-ketodihydroquinazoline prepared by the alkaline hydrolysis of dimethoxy- 
quinazoline, were obtained. 

Anal. Calcd.forCtH:O~N~: C,61,34; H,4.58. Found: C,61.10; H.4.74. 
The substance was further purified by dissolving it in sodium hydroxide solutio~i, 

reprecipitating with acetic acid, and recrystallizing from alcohol. m. p. 226". When it 
was mixed with a specimen of the above-mentioned hydrolysis product, m. p. 218". 
the melting point was 224'. These melting points are not strictly constant, however, 
and appear to be decomposition tenlperatures as well as melting points. The compound 
does not melt to a clear liquid but rather to a mush which only clears a t  much higher 
temperatures, and on cooling and reheating melts far above the original tiieltkg point. 
McKee gives the melting point as 231-232 " followed by decomposition into benzoylene 
urea. The 2-methoxy-4-ketodihydroquinazoline prepared by hydrolysis behaved simi- 
larly except that the melting point of different preparations was constant (218'). The 
higher melting variety (226") by the direct method was, therefore, treated with dimethyl 
sulfate and a product identical (mixed melting point) with the 2-methoxy-3-methyl-4- 
ketodihydroquinazoline already prepared by the corresponding methylation of the 
hydrolysis product, was obtained. This sample, on hydrolysis with dilute hydrochloric 
acid, also gave 3-methylbenzoylene urea as before, the latter being again identified by 
mixed melting points with known specinlens of 3-mcthylbenzoylene urea. 

A £ma1 confirmation of the identity of 2-methoxy-4-ketodihydroquinazoline when 
prepared by either the direct or the hydrolysis method was afforded by substituting 
methyl anthranilate for the ethyl anthranilate and repeating the condensation with 
cyanimidocarbonic acid methyl ester as described above. The product in this case 
formed colorless needles, m. p. 218", and was identical in appearance with the alkaline 
hydrolysis product, m. p. 218'. When it was mixed with the latter there was no de- 
pression of the melting point. 

I I 
Preparation of 2-Chloro-4-ketodihydroqu~nazoline, NH-CO--CeH4N=CCl, from 

2-Chloro-4-ethoxyquinazo1ine.-One gram of 2-chloro-4-ethoxyquinazoline was dis- 
solved in a lukewarm solution of 0.3 g. of potassium hydroxide in 25 cc. of alcohol and 
the solution allowed to stand overnight. I t  was then warmed for an hour and finally 
diluted with 100 cc. of water which precipitated 0.15 g. of unchanged chloroethoxy- 
quinazoline. The filtrate from this precipitate had a turbid appearance and a neutral 
reaction; on acidifying it with acetic acid 0.6 g. of 2-chloro-4ketodihydroquinazoline 
separated and was collected and dried. The substance is sparingly soluble in alcohol 
and crystallizes in feathery needles, m. p. 212"; when it was warmed with alcoholic 
aniline, 2-anilino-4-ketodihydroquinazoline12 was formed. A second specimen of chloro- 
ketodihydroquinazoline, prepared by rubbing 2,4-dichloroquinawline with normal 
sodium hydroxide solution.~a diluting with water, filtering and acidifying the filtrate 
with acetic acid as before, also had m. p. 212 ", and did not depress the melting point 
of the first product. Small amounts of the cbloroketo compound were likewise obtained 
as a by-product in the preparation of diethoxyquinazoline from dichloroquinazoline 
by acidifying the aqueous filtrates remaining after the water precipitation already de- 
scribed for isolating the dialkoxy compound. For a general method of preparation, 
however, the procedure employing dichloroquinazoline and sodium hydroxide in aqueous 
solution is both simple and direct and gives the best yields of an easily purified product. 
The chloroketodihydroquinazoline obtained by boiling dichloroquinazoIine in alcoholic 
solution with sodium acetate is a t  best a by-product, and is difficult to purify.14 

(12) Lange and Sheibley, THIS JOUXNAL. 64, 1997 (1932). 
(13) British Patent 287,179. 
(14) Lange and Sheibley, Tars JOURNAL, 63,3871 (1931). 
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For analysis the substance was simply warmed with dilute nitric acid for a few min- 
utes or until the decomposition appeared to be complete, and the benzoylene urea re- 
moved by filtration and weighed, chlorine being determined gravimetrically on the fil- 
trate; recovered: 93.6% of the theoretical amount of benzoylene urea. 

Aml .  Calcd. for C&I,ONrCl: C1, 19.64. Found: C1, 19.45. 

Preparation of 2-Phenoxy-4-ketodihydroquinazoline, ~H-co-c~H&=~oc~H~.- 
One gram of 2,4-diphenoxyquinazoline was added to 0.2 g. of potassium hydroxide dis- 
solved in 25 cc. of alcohol and the mixture warmed on the steam-bath for four hours, the 
diphenoxy compound dissolving completely in about half this time. The solution was 
allowed to cool and diluted with 100 cc. of water, the white opaque suspension which re- 
sulted coagulating within a day or so to 0.7 g. of 2-phenoxy-4-ethoxyquinazoline. The 
filtrate, after removal of the ethoxy derivative, was acidified with acetic acid and 0.1 
g. of 2-phenoxy-4-ketodihydroquinazoline thus precipitated. 

The 0.7 g. of phenoxyethoxyquinazoline in 25 cc. of alcohol containing 0.2 g. of 
sodium was warmed for four and one-half hours, allowed to cool, and diluted with 80 
cc. of water. After adding 3 cc. of normal sodium hydroxide, the solution was boiled to 
remove most of the alcohol and filtered hot from a trace of precipitate. Acidification of 
the cold solution as above precipitated 0.65 g. of the product. The 0 75 g of 2-phen- 
oxy-4-ketodihydroquinazoline thus obtained was crystallized from about 70 cc. of hot 
alcohol, in which it is somewhat more soluble than the corresponding 2-anilino-4-keto- 
dihydroquinazoline, and separated in glistening silky hair-like needles, m. p. 272"; 
yield 0.65 g .  The compound is soluble with decomposition in warm dilute (1:l) hy- 
drochloric acid, from which solution needles of benzoylene urea separate on cooling. 

Anal. Calcd. for CsaHloOzNs: C, 70.56; H, 4 23. Found: C, 70 99; H, 4.58. 

Summary 

Alkaline conditions have been found to effect a partial hydrolysis of 2,4- 
dialkoxyquinazolines with the formation of 2-alkoxy-4-ketodihydroquinazo- 
lines. These products are shown to be identical with the same substances 
produced previously by methods involving a ring closure, and demonstrate 
conclusively the constitutions of 2-ethoxy-4-methoxyquinazoline and 2- 
methoxy - 4 - ethoxyquinazoline. Similarly, 2 - chloro - 4 - ethoxyquin- 
azoline and 2-phenoxy-4-alkoxyquinazolines are hydrolyzed to 2-chloro- 
4 - ketodihydroquinazoline and 2 - phenoxy - 4 - ketodihydroquinazoline, 
respectively. Two new compounds, 2-methoxy-3-methyl-4-ketodihydro- 
quinazoline and 2-phenoxy-4-ketodihydroquinazoline, have been prepared. 

CLEVELAND, OHIO RECEIVED SEPTEMBER 12, 1932 
PUBLISHED MARCH 7, 1933 
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Furan Reactions. VI. Cyclopropene 
BY CHARLES D. HURD AND FORREST D. PILGRIM 

Cyclopropene has been prepared by Demjanov and Dojarenkol by 
pyrolyzing cyclopropyltrimethylammonium hydroxide. Its dibromide was 
stated to boil at  4 5 O  (27 mm.) and its tetrabromide a t  155O (19 mm.). 
Cyclopropene was earlier mentioned by FreundlerJ2 who reported having 
obtained it (as the bromide derivative) io the pyrolysis of barium furoate 
or calcium furoate. Freundler did not isolate cyclopropene as such. 
Cyclopropene was sought for in the products of electrolysis of sodium 1,2- 
cyclopropanedicarboxylate, but no evidence for it was ~bserved.~ 

Freundler's method seemed attractive to study because of the availability 
of furoic acid. Accordingly, barium, calcium and sodium furoates were 
prepared and heated with or without soda lime under varying conditions 
(Freundler used soda lime). Furan and other products were formed but no 
appreciable yields of cyclopropene could be realized. 

Two other reactions are of interest in this connection. The interaction 
of epibromohydrin with magnesium gave allyl alcohol 

Cyclopropyl alcohol may have been in the reaction products but no definite 
evidence for i t  was obtainable. The reason for considering it as a possible 
reaction product is the analogy it bears to Koelsch and McElvain's4 ob- 
servation that Grignard reagents react with epichlorohydrin as follows 

CH> CHeR CHzOMgX 
I I 

C H  f RMgX --+ CH-OMgX, but none of C H R  
I 
CHzCl 

I 
CHzCl 

I 
CHoCl 

(A) (B) 

In the present work, cyclopropyl alcohol is analogous to (A) and allyl 
alcohol is analogous to (B), if the -CH2MgBr group reacts with the 
ethylene oxide ring of the same molecule. 

/3,Br-Dibromoisopropyl benzoate, C6-ISCOOCH(CH2Br)2, was syn- 
thesized from dibromohydrin and benzoyl chloride. This compound offers 
possibilities of change into cyclopropyl benzoate by reaction with zinc, but 
this was not investigated. 

(1) Demjanov and Dojarenko, Ber., 55, 2718 (1922); 66, 2200 (1923). 
(2) Freundler, Compt. rend., 124, 1167 (1897); Bull. soc. chim., [3 ]  17, 613 (1897). 
(3) Fichter and Spiegelberg, Helo. Chim. Acfa,  12, 1152 (1929). 
(4) Koelseh and McElvain, Tars JOURNAL, 61, 3390 (1929); 62, 1164 (1930). 



Experimental Part 
Barium Furoate.-Fifty grams of barium furoate was mixed with 15 g. of soda lime 

and pu t  in  a n  ordinary distilling flask which was connected in series to  a water-cooled 
condenser, a receiver and a 2 5-liter gas-collecting bottle. The flask was heated by a 
moving flame, using a wire gauze, until gas evolution ceased. Then another identically 
charged distilling flask was substituted for the first one and the process repeated till 
900 g. of barium furoate (equivalent to  860 g of the anhydrous salt) had been dry-dis- 
tilled I n  all, 85 liters of gas was collected. In addition to  an aqueous layer which 
was separated and discarded, about 130 g. of liquid was also collected. 

Gas.-The gas was circulated through a coil condenser a t  -78' whereupon 35-40 
cc. of liquid condensate was obtained. There was much uncondensed carbon monoxide. 
The condensate was fractionated, using a low-pitched, vacuum-jacketed spiral c01umn.~ 
Only 2 cc of distillate appeared in the -30° range. The rest was almost entirely 
furan, 34 g. of which was collected. The 2 cc. of low boiling liquid was vaporized and 
analyzed by the absorption m e t h ~ d . ~  Three-fifths of i t  dissolved in the acetylene re- 
agent (alkaline KzHgI*), showing it  to be methylacetylene. This was confirmed by iso- 
lating dipr~pinylmercury,~ m. p. 202', as a reaction product. The remaining two-fifths 
dissolved in 82% sulfuric acid (but not in 62%). Inasmuch as 82% sulfuric acid ab- 
sorbs quantitatively all olefins which give rise to  sec-alkyl hydrogen sulfates (such as 
propylene, a- or 8-butylene, allene, butadiene, etc.) it may be assumed safely that 
cyclopropene would be absorbed also by this reagent However, even if the absorbed 
portion were pure cyclopropene, which is extremely doubtful, its yield (which would be 
about 0.2%) is entirely unsatisfactory. 

Liquid.-From the 130 g. of liquid, 90 g. of furan (b. p. 31-33') was obtained, whtch 
made a total furan yield of 124 g. I n  addition, higher boiling liquids were present: 
(b. p., cc.) 40-50, 6; 50-100, 4; 100 (750)-95 (25 mm.), 7; 95-200 (25 mm.), 10 cc., 
which turned black as it  entered the receiver. The last fraction may have contained di- 
fury1 ketone, as Freundler intimated. We did not press this point in view of Reich- 
stein's recent work. Reichsteins was unable t o  isolate any pure difuryl ketone by this 
method but  he did synthesize it in other ways (b. p. 150' a t  12 mm.). 

Non-production of Cyc1opropene.-No better yields of cyclopropene were obtained 
when the heating was performed by a salt-bath a t  345 ", a t  which temperature a rapid 
gas evolution occurred. Also, nothing of interest in this connection was obtained when 
barium furoate was heated alone without the soda lime. This pyrolysis required care- 
ful watching t o  avoid too vigorous a reaction. 

Since Freundler identified the cyclopropene as bromide derivatives, this was next 
carried out. Accordingly, the gas from 36 g. of barium furoate and 14 g. of soda lime 
when heated as before was collected over water and then passed

g 
through a solution 

of bromine in chloroform a t  -10'. On fractionation, 0.5 cc. of a dibromide fraction 
(b p. 3 2 4 0 °  a t  17 mm.; nZi 15360) and 1 cc. of a tetrabromide fraction (b. p. 140- 
155" a t  I1 mm ; n: 1.6192) were isolated. There is no certainty that  these deriva- 
tives represent cyclopropene but the yield is very small in any event. 

Other Salts.-A mixture of calcium furoate (36 g.) and soda lime behaved s~milarly, 
yielding about 5 liters of gas. This, in turn, gave rise t o  about 1 cc each of dihromide 
and tetrabromide derivatives. 

(5) Davis, Ind. Eng. Chem., Anal. Ed., 1, 61 (1929). 
(6) Hurd and Spence, THIS JOURNAL. 51, 3356 (1929). 
(7) Johnson and McEwen, i b id . ,  48, 469 (1926). 
(8) Reichstein, Helo. Chim. Acta, 13, 356 (1930). 
(9) Trouble was usually encountered when the gas was passed directly into the bromine solution 

without previously collecting it. 
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Sodium furoate and soda lime gave more furan and less gas. The cyclopropene 
content of the gas, as determined by bromination, was small as in the previous cases. 

Epibromohydrin.-This reagent was prepared from dibromohydrin using a method 
similar to that of "Organic Syntheses," Vol. 111, for epichlorohydrin. 

Two granis of epibromohydrin, 5 cc. of dry ether and 15 g. of turnings of magnesium- 
copper alloy (12.7% CU) were placed in a flask. Action was started by a crystal of io- 
dine. The spontaneous refluxing continued as a mixture of 78 g. more of epibromo- 
hydrin in 150 cc. of dry ether was added drop by drop. When ail was added, i t  was re- 
fluxed for three hours on a water-bath. Then it was hydrolyzed and the ether layer 
distilled: b. p. 92-100°, 8 cc.; b. p. 60-65O (20 mm.), 6-8 cc.; b. p. 95-96' (15 mm.), 
6-8 cc. None of these fractions showed any tendency to crystallize when left a t  -30' 
for forty minutes. 

Allyl alcohol was confirmed in the 92-100' fraction by mixing 0.6 g. of it with 6 cc. 
of absolute pyridine and 2.8 g. of triphenylchloromethane. Thus there was formed 
ally1 triphenylrnethyl ether,lO m. p. 74". A mixed melting point with similar material 
made from known ally1 alcohol was not depressed. 

B,j3'-Dibromoisopropyl Benzoate.-Forty-four grams of a,ar-dibromohydrin, 
(BrCH2)eCHOH, was mixed with 35 g. of benzoyl chloride and warmed until the evolu- 
tion of hydrogen chloride ceased, usually less than half an hour. Then it was cooled, 
washed with sodium hydroxide, extracted with ether and distilled twice in vacuo. Forty 
grams of &@'-dibromoisopropyl benzoate was collected at 185O and 16 mm. This is a 
66% yield 

This ester did not solidify a t  -30' in three hours. Its density a t  23.5' was 1.6324. 
The index of refraction values, n,, were 1.5749 at  4.7" and 1.5658 a t  24.8'. 

Anal. Calcd. for C2&I~002Br2: Br, 49.8. Found: Br, 50.6. 

Summary 

Attempts to prepare cyclopropene by Freundler's method, namely, the 
dry distillation of a mixture of barium furoate or calcium furoate with soda 
lime gave negligible yields. Methylacetylene was identified as a reaction 
product but also in small amounts. Considerable furan was formed. 

Allyl alcohol was produced as a result of the action of magnesium on 
epibromohydrin. @,@I-Dibromoisopropyl benzoate was synthesized. 

(10) Helferich, Speidel and Toeldte, Ber., 56, 766 (1923). 
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Distibyls. 11. Tetra-p-bromotetraphenyl- and Tetra-p- 
tolyldistibyl. Di-a-naphthyliodostibine' 

BY F. F. BLICKE AND U. O.OAKDALE~ 

It has been shown that tetraphenyldistibyl3 behaves similarly to tetra- 
aryldiarsyls in that it reacts almost instantly with an amount of oxygen 
equivalent to that required for the formation of a peroxide. An analogous 
behavior characterizes the new distibyls which we have prepared-tetra- 
p-bromotetraphenyl- and tetra-p-tolyldistibyl. 

No evidence could be obtained by molecular weight determinations in 
favor of the assumption that tetraphenyl- or tetra-p-tolyldistibyl dissociates 
into diarylstibyl radicak4 

In the case of di-ai-naphthyli~dostibine only a few grams of the pure 
iodide were isolated by a laborious process from five kilograms of a- 
naphthylamine, hence the corresponding distibyl was not prepared. 

The diaryliodostibines, which yielded the distibyls when treated with 
sodium hypophosphite, were synthesized by means of the following series 
of reactions: the required aryl arnine was diazotized and allowed to react 
with antimony trichloride, the arylstibinic acid produced was reduced to 
the aryldichlorostibine and the latter hydrolyzed to the corresponding 
oxide. The oxide, when heated, was converted into the tetraarylstibyl 
oxide and antimony trio~ide.~ Treatment with acetic acid converted the 
tetraarylstibyl oxide into the diarylstibyl acetate; this compound yielded 
the diaryliodostibine when mixed with hydriodic acid. 

Experimental Part 
p-Bromophenyldichlorostibine.-p-Bromophenylstibinic acid6 was obtained from 

p-bromoaniline according to the method used by Dunning and Reid7 for the preparation 
of other arylstibinic acids. Two hundred grams of the air-dried acid was dissolved in 500 
cc. of cold, concd. hydrochloric acid, the solution stirred and 550 cc. of water added. 
The flocculent material was removed by filtration and 25 g. of charcoal was added to the 
red filtrate, the mixture shaken frequently and filtered after twelve hours. The filtrate 
was cooled with ice and saturated with sulfur dioxide. The pbromophengldichloro- 
stibine (40-60 g.) which precipitated was air dried and recrystallized from heptane; m. p. 
90-92O. The dichloro compound is very soluble in benzene, less soluble in acetic acid. 

(1) This paper represents the third part of a dissertation to  be submitted to the Graduate School 
by Mr. Oakdale in partial fulfilment of the requirements for the degree of Doctor of Philosophy in the 
University of Michigan. 

(2) Parke, Davis and Company Pellow. 
(3) Blicke and Oakdale, THIS JOURNAL, 63, 1026 (1931). 
(4) Failure to obtain data indicative of dissociation by molecular weight determinations does not 

prove that distibyls do not dissociate in solution; the degree of dissociation may be of such a low magni- 
tude that i t  cannot be detected by the ordinary molecular weight procedures. 

(6) This series of reactions was developed for the preparation of organic antimony compounds 
by Schmidt, Ann., 421, 234 (1920). 

(6) Pargher and Gray. J. Pharmacd., 18, 364 (1921). 
(7) All stibinic acids were prepared according to the general method of Dunning and Reid. T H r s  

JOURNAL. 49, 2871 (1927). 
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Anal. Calcd. for GH&bClaBr: Sb, 34.93; C1, 20.34; Br, 22.92. Found: Sb, 
34.77; C1, 20.22; Br. 23.10. 

p-Bromophenplditodostliie.-In order to obtain p-bromophenylstibine oxide, 
35 g. of the dichloride was dissolved in 100 cc. of acetone and added slowly to a mixture 
prepared from 1000 cc. of water, 100 cc. of ammonia water and ice. The oxide which 
precipitated was filtered and air dried. To a solution of 12.5 g. of the oxide in 30 cc. of 
acetic acid, 14 cc. of hydriodic acid (sp. gr. 1.65) was added; p-bromophenyldiiodostibine 
precipitated as a yellow, crystalline solid. The material was washed thoroughly with 
water and dried in a desiccator; yield 22 g The iodide was recrystallized from absolute 
alcohol which contained a small amount of hydriodic acid; m. p. 124-125". 

Anal. Calcd. for CaH4SbBrIp: Br, 15.03; I, 47.76. Found: Br, 15.25; I, 47.69. 
Di-~bmmodiphenyliodostibine.-Di-p-bromodihenystiby acetate was obtained 

in the following manner: 20 g. of p-bromophenylstibine oxide was placed in an Erlen- 
meyer flask and heated in a bath (145") in a stream of nitrogen for one hour. The 
pasty material was extracted with hot alcohol, the alcoholic solution filtered and the sol- 
vent removed. The oily tetra-p-bromotetraphenylstibyl oxide was treated with a 
small amount of acetic acid, whereupon it became crystalline through conversion of the 
stibyl oxide into the corresponding acetate; the yield of crude product was 17 g. In 
order to recrystallize the acetate, 10 g. of the material was dissolved in a mixture of 5 
cc. of acetic acid, 10 cc. of benzene and 40 cc of heptane. The acetate melts at  134-135O. 

To 4.9 g. of the acetate, dissolved in 20 cc. of hot acetic acid, there was added 2 cc. 
of hydriodic acid (sp. gr. 1.65). The mixture was cooled with ice and the crystalline 
di-p-bromodiphenyliodostibine removed by filtration. The iodide was thoroughly 
dried and then extracted in a Soxhlet apparatus with 150 cc. of petroleum ether (30- 
60'). The petroleum ether solution was decanted from the oily impurity which adhered 
to the sides of the extraction flask. The iodide, which separated from the cold solution, 
was recrystallized from heptane; m. p. 73-74'. The material is quite soluble in alcohol 
and benzene. 

Anal. Calcd. for CtsHsSbBrzI: Sb, 21.72; Br, 28.51; I,  22.64. Found: Sb, 
21.60; Br, 28.76; I, 22.64. 

Tetra-pbromotetraphenyldistiby1.-A solution of 4 g. of di-p-bromodiphenyliodo- 
stibine in 50 cc. of absolute alcohol and 2.5 g. of sodium hypophosphite, dissolved in 4 
cc. of water and 4 cc. of alcohol, was poured into a free-radical bulb and after twelve 
hours the liquid decanted from the tan colored, crystalline precipitate. The product 
was washed twice with a mixture of 25 cc. of alcohol and 2 cc. of water, twice with abso- 
lute alcohol, twice with 20 cc. of hot xylene and finally with petroleum ether (30-60"). 
The product was dried under diminished pressure in a bath a t  60" and isolated in a car- 
bon dioxide atmosphere. The light greenish-yellow distibyl melted with decompo- 
sition a t  211-213 'in a sealed tube filled with nitrogen. 

Anal. Calcd. for &Hl&SbzBr,: Sb, 28.08; Br, 36 85 Found: Sb, 27.95; Br, 
36.83. 

Dissolved in bromobenzene 1.272 g. of the distibyl absorbed 34 cc. (N. T. P.) of 
oxygen in one minute; calcd. absorption, 33 cc. 

Di-pto1yliodostibine.-TO 400 g. of crude p-tolylstibinic acid, dissolved in 800 cc. 
of warm concd. hydrochloric acid, 800 cc. of water was added and the cold mixture fil- 
tered. The filtrate was diluted further with water until it became turbid. Sulfur di- 
oxide was passed into the solution for a few minutes and after the removal of the gum 
the filtrate was cooled with ice and saturated with sulfur dioxide; yield 150 g. of prac- 
tically colorless, crystalline p-tolyldichlorostibine; m. p. 89-92°.8 

(8) Hasenbriumer, Bsr.. 81, 2914 (1898). 



The dichlorostibine was dissolved in acetone and treated with ammonia water. 
whereupon p-tolylstibine oxide was obtained. The latter was washed with acetone and 
dried. fi-Tolylstibine oxide was heated in a bath (100") for two hours in order to con- 
vert it into tetra-p-tolylstibyl oxide. The crude oxide was extracted with hot alcohol. 
After recrystallization from alcohol the oxide melted a t  101 O. 

A m l .  Calcd. for CzsH280Sb2: Sb, 38.57. Found: Sb, 39.04. 
In order to obtain di-p-tolylstibyl acetate, tetra-9-tolylstibyl oxide was dissolved in 

hot acetic acid. The acetate separated in crystalline form when the solution cooled; 
after recrystallization from heptane the acetate melted a t  122-123 O. 

Anal. Calcd. for CiaHl~OzSb: Sb, 33.55. Found: Sb, 33.07. 
To 10 g. of di-p-tolylstibyl acetate, dissolved in 50 cc. of acetic acid, 20 cc. of con- 

stant boiling hydriodic acid, diluted with 20 cc. of water, was added. The crude di-p- 
tolyliodostibine was washed free from hydriodic acid and extracted with petroleum ether; 
m. p. after recrystallization from absolute alcohol, 76-78".% 

Anal. Calcd. for Cr4H14SbI: Sb, 28.26; I, 29.46. Pound: Sb, 28.23; I, 29.30. 
Tetra-p-tolyldistiby1.-A solution, prepared from 3.5 g. of di-p-tolyliodostibine and 

60 cc. of absolute alcohol, was poured into a free radical apparatus. There was added 
2.5 g. of sodium hypophosphite, dissolved in 5 cc. of water and 20 cc. of alcohol. After 
twelve hours the supernatant liquid was decanted from the pale greenish-yellow crys- 
tals, the material washed several times with 90% alcohol and then with absolute alcohol. 
The product was isolated in a carbon dioxide atmosphere; m. p. 155-157" in a sealed 
tube filled with nitrogen. 

Anal. Calcd. for CzaHzaSbl: Sb, 40.07. Found: Sb, 39.50. 
Dissolved in bromobenzene 0.917 g. of the distibyl absorbed 40 cc. (N. T. P.) of 

oxygen in three minutes; calcd. absorption 34 cc. 

The determinations were made in benzene by the Menzies method. A current of 
dry nitrogen was passed over the top of the apparatus during the determinations 

Mol. wt. calcd. 
Concn., % AT, OC. Mol. wt.  found for Rk%&bR2 

1.48 0.0766 621 607 
2.44 .I250 627 
3.29 .I744 607 
4.32 .2248 619 

Di-a-naphthy1iodostibine.-Two hundred grams of crude, dry a-naphthylstibinic 
acidx0 was dissolved in 500 cc. of cold hydrochloric acid, 200 cc. of water added and the 
mixture stirred for some time. After the removal of a black by-product by filtration, 
the filtrate was shaken with 25 g. of charcoal for twelve hours, filtered and the firtrate 
centrifuged in order to separate a black oil. The clear filtrate was cooled with ice and 
saturated with sulfur dioxide; e-naphthyldichlorostibine separated in crystalline form. 
After recrystallization from heptane, the material melted a t  105-106°. The chloride 
is very soluble in benzene and absolute alcohol. 

Anal. Calcd. for ClzH.iSbC12: Sb, 38.08; C1,22.18. Found: Sb, 38.07; C1, 21.95. 

(9) Goddard and Yarsley [J. Chem. Soc., 719 (1928)l described a compound, m. p. 233'. as di-P- 
tolyliodostibine which they obtained from tri-0-tolylstibine di-iodide. The high melting point alone 
indicates that their substance must possess a different structure. 

(10) Riddell and Basterfield, Trans. Royal Soc. Canada, Third Series, Vol. XXIII, Part 1, Section 
111. P 48 (1929) 
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The dichlorostibine was hydrolyzed in the manner described above and 25 g. of the  
crude a-naphthylstibine oxide was heated (bath temperature 105-110') it1 a stream of 
nitrogen for forty-five minutes. The tetra-a-naphthylstibyl oxide formed was ex- 
tracted from the pasty reaction mixture with acetone and the acetone removed. The  
oxide was dissolved in 35 cc, of acetic acid and 8 cc of constant hoiling hydriodic acid 
was added. Yellow di-a-naphthyliodostibine separated as an oil which became crys- 
talline when cooled and rubbed. The dry iodide was extracted with petroleum ether; 
m. p. 136-137". 

Anal. Calcd. for C . L ~ H I ~ S ~ I :  Sb, 24.22; I, 25.24. Found: Sb, 24.19; I, 25.22 
Procedure for the Determination of Antimony.-Compounds in which both anti- 

mony and halogen were t o  be determined were analyzed by the method of Thompson 
and Oakdale." However, if antimony only is to  be estimated, decomposition of the 
organic material can be effected in 5ve minutes according to the following procedure. 
The sample and 20 cc. of concd. sulfuric acid are boiled in a 300-cc. Kjeldahl flask. 
If the sample contains iodine, the latter must be removed at  this stage by the  addition 
of several 2-cc. portions of hydrogen peroxide. Perchloric acid (70%) is added, drop- 
wise, until the solution becomes colorless; 1 cc. is usually sufficient. The mixture is 
boiled for five minutes longer, cooled and diluted with four times its own volume of water. 
The pentavalent antimony is reduced to the trivalent state by treatment of the solution 
with sulfur dioxide for a short time. After the solution has been heated on a water-bath 
for one hour, i t  is boiled for fifteen minutes to  remove sulfur dioxide completely, trans- 
ferred to  a 500-cc. Erlenmeyer flask and 10 cc. of concd. hydrochloric acid added. It is 
then titrated, a t  60°, with 0.1 N potassium bromate solution with the use of methyl 
orange as indicator. 

Summary 

The following antimony compounds, hitherto unknown, have been pre- 
pared in a pure state: p-bromophenyldichlorostibine, p-bromophenyldi- 
iodostibine, di-p-bromodiphenylstibyl acetate, di-p-bromodiphenyliodo- 
stibine, tetra-p-bromotetraphenyldistibyl, tetra-p-tolylstibyl oxide, di- 
p-tolylstibyl acetate, di-p-tolylstibyl iodide, tetra-p-tolyldistibyl, a-naph- 
thyldichlorostibine and di-a-naphthyliodostibine. 

The distibyls possess properties similar to those of diarsyls. 
A procedure for the determination of antimony is described. 
ANN ARBOR, MICHIGAN RECEIVED SEPTEMBER 13, 1932 

PUBLISHED MARCH 7. 1933 

(11) Tliompson and Odkdaie, THIS JOURAAL. 52, 1109 (1930). 
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The Identity of Narceine with Pseudonarceine, its 
Dehydration and Structure 

The accepted formulation of narceine as a substituted phenyl benzyl 
ketone, GSHZ~NO~-~HZO,  and the establishment of its identity with the 
pseudonarceine of Roser,' are due to the continued investigations of Freund 
and his ~ollaborators.~ The misleading differences in physical properties 
and physiological effect between opium narceine and that made from narco- 
tine were shown3 to be due to impurities which were only eliminated after 
long and careful purification. The formula, C23H29N09-2H20, advanced by 
Anderson4 for narceine had been confirmed by the analyses of later workers6 

but Roser demonstrated thzi pseudonarceine, which he considered identical 
with natural narceine, had the formula C23H27N08.3Hs0. The establish- 
ment of the identity of pseudonarceine and naturally occurring narceine by 
Freund and Frankforter through the analysis of their salts with alkali 
metals proved the latter to be derived from a substance having the formula 
GsHz~NOs. Determination of the water of crystallization content of 
natural narceine showed the presence of three molecules of water, two of 
which were lost with ease, the third only with great difficulty. On account 
of this and the extremely hygroscopic nature of the dried material the 
composition of the fully dried narceine is in doubt From his work on 
the color reaction of sodium nitroprusside6 with narceine, Zwikker7 came 
to the conclusion that the -CHzCO grouping of desoxybenzoin is not 
present in narceine, but that a ring closure between the -CHZ and a 
neighboring -NMe2 has occurred whereby the -CO group is attached 
directly to two rings and is therefore no longer reactive. Narceine would 
then have the same ring structure as the parent substance Narcotine. The 
fluorescence of narceine under ultraviolet irradiation and the conclusion of 
Moir8 that fluorescence may occur in all cases where two rings are joined 
a t  two places by two groups of almost any sort, offers some support for 
this assumption. Failure on our part to reduce narceine to hydronarceine

g 

by catalytic hydrogenation, to carry out a benzylidene condensationlo 
and to isolate the alkyl narceines, together with lack of success in the 

(1) Roser. Ann.. 247, 187 (1888). 
(2) Freund and Frankforter, ibid., 277, 20 (1893); Freund and Michaels, ibid., 286, 248 (1895), 

Freund, Ber., 40, 194 (1907); Freund and Oppenheim, ibid., 42,1084 (1909). 
(3) Schroeder, Arch. expt l .  Path. Pharmakol., 17, 138 (1883). 
(4) Anderson, Ann., 86, 179 (1853). 
(5) Hesse, ibid., 129, 250 (1884); Beckett and Wright, J. Chem. SOC., 25, 699 (1875); CIaus and 

Meixner, J. prakt. Chem., [2] 37, 1 (1888). 
(6) Bela von Bitto, Ann., 269, 377 (1892). 
(7) Zwikker, Pharm. Weekblad., 66, 481 (1929). 
(8) Moir, Trans Roy. Soc. S. Africa, 12, P t .  2, 45 (1924) 
(9) M a x  and Michel Polonovski, Bull. soc. chim., 49, 541 (1931) 

(10) Knoevenagel and Weissgerher, Bcv., 86, 442 (1g93) 
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repetition of Freund's narcindonine preparationsn so vital to the con- 
ception of narceine as a highly substituted desoxybenzoin, coupled with the 
uncertain nature of dried narceine and the recent doubts as to its structure, 
led to the undertaking of the preparation of pure narceines from opium and 
narcotine sources, their dehydration and tbe investigation of the possibility 
of a modified formula for narceine. 

Narceine was prepared from narcotine by the methods of Roser and of 
Hope and Robinson.I2 After careful purification these narceines and that 
from opium were converted into their sodium salts, hydrochlorides, 
chloroplatinates and picrates and the identity of these derivatives was 
established by melting point determinations. Further evidence as to 
absolute identity was afforded by examination of the carefully purified 
narceines by ultraviolet radiation. Polarimetric measurements showed 
all three narceines alike to be optically inactive. 

Previous attempts to dehydrate narceine and to analyze the water-free 
material had always failed. Not only is the dried material extremely 
hygroscopic but some decomposition takes place, causing the resulting 
dried narceine to be variable in composition. By combining the drying 
process and the analysis a satisfactory series of analyses for the dried ma- 
terial was obtained.13 These results, in conjunction with the water of 
crystallization determinations made by a macro method, gave a com- 
pletely satisfactory analysis of narceine for carbon, hydrogen and water 
of crystallization. These analytical results give further support to the 
proof of the absolute identity of narceine prepared from narcotine with that 
found among the products extracted by the established trade procedures 
from the gum of the opium poppy along with morphine and narcotine. 

It would therefore seem that air-dried narceine has the constitution 
C Z S H ~ ~ N O ~ ~ H ~ O  and that, always provided that the drying temperature 
does not exceed 110' and is not prolonged more than two hours, the 
sample not being exposed to oxidation during this period, the water of 
crystallization can be removed quantitatively without the decomposition 
of the dry material, which has then the empirical formula C Z ~ H ~ ~ N O ~  (I) 
precluding the possibility of the structure of narceine being represented 
by any structural formulation involving the empirical formula C23H~gN09. 
%rice all of the substituent groups, i. e., 3(OMe), COOH, CH202, C2Ha- 
NMe2 are well established, only the validity of the supposed -COCHz- 
grouping remains doubtful in the present recognized structural formulation. 

Narceonic acid (11) prepared by a modification of the method of Freundl* 
was converted into dihydronarceonic acid by catalytic hydrogenation. 
Treatment of the methyl ester of this saturated acid with MeMgI in an 

(11) Freund and Oppenheim, Ber., 48, 1084 (1909). 
(12) Hope and Robinson, J .  Chcm. Sot., 105, 2100 (1914). 
(13) Haymaa, Ind. Eng. Chem., Anal. Ed., 4, 256 (1932). 
(14) Freund. Ann., 877, 66 (1893). 
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apparatus for determining both the quantity of gas evolved and the 
amount of reagent consumed15 showed that it contained no active hydrogen 
and so afforded evidence against the assumption of OH groups in the nar- 
ceine molecule. This evidence was confirmed by the failure of many 
attempts to methoxylate narceine and its derivatives. The formulation 
of narceine as a highly substituted desoxybenzoin and the erroneous claims 
of early workers16 led to many fruitless efforts to isolate alkyl narceines and 
its derivatives. The bromination of this methyl ester with bromine in 
chloroform gave an interesting monobromide Cz~H2308Br which may con- 
tain a bromine atom in the only unoccupied position of the cotarnine half 
of the molecule. The ease of substitution in this position has already 
been noted." 

Through ring formation with the COOH group the addition of HONHz 
and PhNHNH2 to narceine yields oxime and phenylhydrazone anhydrides. 
The condensation of MeONHr with narceine to give the simple addition 
compound CsH30N208 without further internal rearrangement affords fur- 
ther evidence for the accepted --COCH- formulation. 

We wish to thank Mr. Douglas F. Hayman of this Laboratory for the 
microanalyses recorded in this paper and also Professor E. P. Kohler for 
his kindness in carrying out the active hydrogen determination. 

Experimental Part 
Preparation of Pure Narceine from Opium and Synthetic Material 

Opium Narceine.-Commercial narceine recovered from the mother liquors from 
the preparation of morphine hydrochloride usually contains small amounts of acid 
and other impurities from which it is freed with difficulty.la The impure factory nar- 
ceine was dissolved in dilute hydrochloric acid and then made slightly alkaline with 
ammonia. The alkaline solution was digested on the steam-bath and then allowed to 
cool. After crystallization the filtered material was dissolved in a minimum of hot 
95% alcohol and after dilution to 50% with distilled water the solution was cooled. The 
resulting fine prismatic needles were recrystallized from hot water. 

(16) Kohler and Richtmyer, Tms JO~RNAL, 62, 3736 (1930). 
(16) Claus and Ritzefeld, Ber., 18, 1669 (1888); Tambach and Jaeger, Ann . 349, 185 (1906): 

Knoll and Co., Priedlandcl, VIII, 1164,1166. 
(17) Freuud and Fleischer, Bn. ,  46, 1171 (1912). 
(18) Merck, Chem.-ZLg., 13, 525 (1889). 
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Earceine @loser).-Narcotine, recrystallized from acetone, was digested with an 
excess of methyl iodide for four hours. The crude gum was freed from methyl iodide 
by heating in vacuo and the resulting dry amorphous yellow powder was digested with 
freshly prepared silver chloride in water. The addition product gradually went into 
solution and the quaternary ammonium chloride was filtered free from the silver iodide 
formed. On treatment with potassium hydroxide and heating on a steam-bath crude 
narceine separated out. 

Narceine (Hope and Robinson).-To 60 g. of recrystallized narcotine was added 21 
g. of redistilled dimethyl sulfate in the cold. The mixture was shaken, warmed on 
steam-bath and stood overnight in a stopperec! 250-cc. Erlenmeyer flask. Benzene was 
added to enswe contact, and after refuxing for a time, waq removed. Water was added 
and the flask was warmed until solution was effected. On adding potassium hydroxide 
to slight alkalinity and heating, crude narceiile was formed. 

The crude synthetic narceines were dissolved in dilute hydrochloric acid and 
precipitated with ammonia. They were then recrystallized from 50y0 alcohol until 
yellowness was absent from the mother liquors. The coloration present was due to a 
brown water-soluble oil which was soluble also in alcohol and alkali and which could be 
removed from neutral solutions by boiling with norite. The colorless material was re- 
crystallized from boiling water and the filtered cakes were dried by exposure to the air 
in a dust proof box. 

All three materials melted between 171 -3 73 O. The opiuni and Roser samples were 
unchanged under ultraviolet radiation whereas all Hope and Robinson samples showed 
a green fluorescence. Analyses for the two former corresponded to Cz8H~7NOs.2H20 
and to CeaHnNOs.2.5Hz0 for the latter material. The narceines were treated with 
freshly prepared 33% sodium hydroxide, heated on the steam-bath and the hard lumps 
formed were broken up with a glass rod. After digestion and filtration through a sin- 
tered glass funnel the residue was ground up to a fine paste which was returned to fresh 
33% sodium hydroxide and was redigested. In this way a clear solution was obtained 
which gave a crystalline material on cooling. After filtration and washing with cold 
ethanol the solid was dissolved in hot ethyl alcohol and on cooling ether was added. 
Large white crystals were formed which were redissolved in hot ethyl alcohol and recrys- 
tallized. 

In some of the preparations a red color appeared on dissolving the crude sodium 
salt in ethyl alcohol with heating. This color formation was accelerated by the addition 
of norite. By converting the crude sodium salt into narceine with dilute acetic acid, 
recrystallizing the narceine from water and treating with 33y0 sodium hydroxide, a 
sodium salt was formed which gave a colorless alcoholic solution. 

The sodium salts, all melting a t  162-163 O, melting point unchanged on mixing, were 
dissolved in hot distilled water and carbon dioxide was passed through the dilute solu- 
tion. The cold solution containing a semi-solid crystalline network was filtered, the 
narceine was shaken up in cold water and washed three times by decantation. The 
narceines so formed were recrystallized from water. The samples were then placed in 
an air-drier consisting of a box with a sliding front and a back covered with good grade 
fine-meshed cheese cloth. The material was dried for forty-eight hours and after being 
finely ground was dried again for twenty-four. hours. Samples were then bottled in 
vials with screw caps, the inner cork lining being covered with waxed paper. All sam- 
ples had m. p. 176-178'. 

ANALYSES OF AIR-DRIED NARCEINES 
Calculated for CarHa~N0w3HeO C ,  55 31 H, 6.61 

Found : Opium narceine 55.75 55.72 6.28 6.30 
Roser narceine 55.42 55.57 6.52 6.57 
Hope-Robinson narceine 55.19 55.26 6.71 6.69 
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Quantitative Determination of the Water of Crystallization.-Nitrogen freed from 
oxygen and moisture by passage through concd. sulfuric acid, over hot copper shavings 
and through a U-tube packed with dehydrite was passed slowly over a weighed sample 
of narceine contained in a U-tube placed in a drying oven for two hours a t  103-105'. 
The moisture absorbed by the nitrogen was removed by passage through a weighed 
U-tube containing dehydrite which was guarded from the air by a second similar tube. 
The whole train terminated in a U-tube of concd. sulfuric acid acting as a bubble counter 
and included a deep sulfuric acid T-safety valve between the supply tank and the first 
sulfuric acid wash bottle. 

Narceine 

Water % fL0 
Sample, Water lost, recovered, (Calcd. for 

g. 8. g. 3&0, 10.82) 

Opium 1.9043 0.2021 0.2025 10.61 
1.6147 .I730 .I737 10.73 

Roser 2.8440 ,3036 .a038 10.68 
Hope-Robinson 1.2016 ,1292 .I296 10.77 

In the case of the Hope-Robinson material advantage was taken of the previous 
results and the sample was purified still further by reconversion into the sodium salt 
and back again to narceine-both materials being recrystallized from water. The heat- 
ing was continued for three and one-half hours a t  101-102°. 

Analysis of Narceine Freed from Water of Crystallization.-Although excellent 
results for 3Hz0 were obtained by the above macro-analysis, the satisfactory analysis of 
the dried material was found to be impossible by the usual procedure. Dehydration of 
the air-dried material weighed out in a platinum boat placed in a combustion tube in the 
same manner as for a regular carbon and hydrogen determination was carried out by the 
passage of preheated dry nitrogen over the sample heated to 100-105° by a Pregl heat- 
ing block. The absorption tubes were then attached and the combustion was completed 
in the usual manner. The results of the analysis of the dried material were excellent 
and these in conjunction with the determinations of the water of crystallization by the 
macro method give a completely satisfactory and definite determination of narceine for 
carbon, hydrogen and water of crystallization. The Hope-Robinson material (calcd. 
for CnHnNOs.3HaO: C, 55.31; H, 5.61; HzO, 10.82; N, 2.80. Found: C, 55.26; H, 
6.69; HzO, 10.77; N, 2.85) was used throughout the analyses. 

Anal. Calcd. for CesHmNOs: C, 62.02; H, 6.07. Found: C, 62.09, 62.26; H, 
5.73, 5.75. 

The Melting Points of Narceines and their Derivatives.-Narceine dissolves in a 
solution of hydrochloric acid in methanol. The solution deposits crystals with a com- 
position CnHnNOs.HC1.CHaOH. On heating for a short time a t  100' the methanol 
is totally eliminated with the formation of C2aHmNOs.HCl. This hydrochloride when 
dissolved in 16% hydrochloric acid and warmed a t  70-80° with chloroplatinic acid 
yields a chloroplatinate. Narceine forms a distinctive picratelo by mixing aqueous 
solutions of picric acid and narceine. The opium, Roser and Hope-Robinson narceines 
and their derivatives prepared according to the above procedures have the following 
melting points: narceine, C~fiNOe-3Hz0, m. p. 176177O, liquefying to an almost 
colorless melt, decomposing with evolution of gas between 176 and 178'. Sodium 
narceinate, CnHaaNO&a, m. p. 162.163 O. Narceine hydrochloride, CtsHnNOs.HC1. 
m. p. 192-193'. Narceine chloroplatinate (CaHnNOs.HCl)zPtClr, m. p. 195-196" 
(decoipn.). Narceine picrate, m. p. 195". Mixed melting point determinations 
showed no depression. 

The Melting Point of Water-Free Narceine, C&HmNOs.-In view of the difficulties 

(18) Maplethorpe and Evers, Pharm. J., 111, 137 (1926). 
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found in completely drying narceine and preventing the extremely hygroscopic material 
from changing its composition by absorption of water from the air, a current of pure dry 
nitrogen was passed through capillary tubes containing narceine. The samples were in- 
troduced into the middle of the capillary tubes and were enclosed by the regenerating 
block of the Pregl outfit. They were submitted to two hours of drying in the current of 
dry nitrogen a t  105-110". The capillary tubes were then sealed by a point flame and 
after cooling the samples were shaken down to one end Opium, Roser and Nope- 
Robinson narceine samples were used. Samples previous to drying, CDHITNO~.~H~O,  
m. p. 176-178"; samples after drying, CZZHSNO~, m. p. 137-13g0 (to a water white 
melt). Merck18 gives 170-171" for the melting point of the hydrated base while Hesse 
stated that the anhydrous inateria! melted a t  ?40.5°.eo 

Fluorescence Phenomena.-The identity of the various samples of narceine was 
investigated by examination of the carefully purified samples by means of ultraviolet 
radiation provided by a Hanovia Universal quartz-mercury arc lamp provided with a 
filter screen. The filter is of special composition glass which absorbs the visible light 
and permits the passage of the invisible-consisting largely of the long wave ultra- 
violet-but includang a narrow band in the extreme violet, just within the border of visibility. 
With this extreme violet visible light in mind comparison of various samples was made 
with the results recorded by Boyle and Fabreel who used a ray 365.0 Kg provided by a 
mercury arc lamp with s thick nickel oxide screen. Most glasses fluoresce and since 
paper "fluoresces beautifully" under the Hanovia lamp, the air-dried powdered samples 
were viewed on strips of densely black dull matte paper (from a Bausch and Lomb 
catalog) which showed no fluorescence whatsoever. Boyle and Fabre had found narco- 
tine and narceine to fluoresce with a clear violet tinge. Examination of narcotine and 
the three narceines showed them to act alike and to exhibit a very faint purplish tinge. 
Whatever may be the interpretation of the variation in the tints observed by us as com- 
pared with those reported by Boyle and Fabre, it was established that no difference in 
fluorescence phenomena exists between the various samples of narceine. When in- 
suEciently purified samples are observed such differences are apparent but the green 
fluorescence previously exhibited by an impure Hope-Robinson preparation was evi- 
dently not due to traces of narcotine. The discrepancy in the descriptions of different 
workers of the appearance of fluorescence, the misty violet tinge of the mercury light as 
seen through a Wood's glass filter and the disturbing effects of traces of impurities have 
recently been the subject of comment by Grant.2P 

Optical Activity.-The three narceines were identical in their behavior, showing 
no optical activity in either acid or alkaline solution. These findings are contrary to 
those qf Bouchardat and B ~ n d e t , ~ ~  who were probably using slightly impure material, 
and in agreement with those of He~se.~'  

Narceonic Acid, C21Hz008 @).-Fifty grams of narceine was heated to a clear 
solution with 100 cc. of 4y0 sodium hydroxide, and 12.5 g. of dimethyl sulfate was 
weighed into a cold solution. The mixture was gently heated in a glass-stoppered flask 
for two hours on the steam-bath. An excess of concentrated hydrochloric acid was 
added and the digestion continued as long as the solution deposited crystalline material. 
After the mixture had cooled and stood overnight, the crude solid was filtered; yield 
50 g. of a white crystalline narceine methochloride, m. p. 24.3'. A suspension of 20 g. 
of this crude methochloride in 150 cc. of absolute alcohol was refluxed in the hood and 
40 cc. of 33y0 potassium hydroxide was added. The refluxing was continued for one 

(20) Hesse, Ann., 129, 250 (1864). 
(21) Boylr and Fabre, Corn##. rend., 178, 2181-3 (1924). 
(22) Julius Grant, Chcmisl and Druggist, 116, 421 (1932) 
(23) Bouchardat and Bondet, J .  Qharm. chim., I31 23, 292 (1853). 
(24) Hesse, Ann., 146. 199 (1875). 
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and one-half hours until the emission of trimethylamine ceased. The clear orange solu- 
tion was atered and diluted with water. This dilute alkaline solution was added slowly 
with efficient stirring to about 1.5 liters of dilute hydrochloric acid. The pure white 
precipitate was filtered and washed. After air-drying the crude material weighed 16 g. 
and melted at 217'; recrystallized from butanol, m. p. 217". 

Dihydronarceonic Acid, c~~HzeOa.-Ten grams of narceonic acid (0.025 mole) was 
heated to a clear solution with 150 cc. of methanol and 15 cc. of dioxane. To this clear 
warm solution in a magnesium citrate bottle was added 0.2 g. of platinum catalyst. 
On hydrogenation 0.025 mole of hydrogen were absorbed in about two minutes. After 
filtration through a sintered glass funnel, the clear solution was added to a large excess 
of cold distilled water. The white precipitate was recrystallized from hot methanol, 
m. p. 197-198'; yield 10 g. 

Anal.  Calcd. for CZ~HZZO~: C, 62.69; H, 5.47. Found: C, 62.53; H, 5.28. 
Esters of Narceonic Acid.-Though attempts to esterify narceonic acid by refluxing 

alcoholic solutions with dry hydrochloric acid failed, the esters were formed by refluxing 
the silver salt, CzlHgOgAg, with methyl and ethyl iodides. The resdting products 
when recrystallized from their respective alcohols yielded methyl narceonate, m. p. 
155 ", and ethyl narceonate, m. p. 139-140 O. 

Anal.  Calcd. for C~zH220s: C, 63.77; H, 5.31. Found: C, 63.48; H, 5.14. 
Anal.  Calcd. for CzaHznOs: C. 64.48; H, 5.61. Found: C,  64.50; H, 5.80. 
Methyl Diydronarceonate (III).-By refluxing dihydronarceonic acid dissolved in 

methanol containing about 4% of hydrochloric acid esterification took place readily. 
The ester was insoluble and crystallized out during the operation. The material held 
tenaciously a yellow coloration but gave a snow-white product on recrystallization from 
benzene, m. p. 155'. 

Anal.  Calcd. for C ~ Z H ~ * O ~ :  C. 63 46; H, 5.77. Found: C, 63.25; H, 5.70. 
When 0.3 millimole of I11 was added to 6 cc. of a solution of MeMgI in isoamyl 

ether,%$ about half of the material dissolved in the cold without giving off a trace of gas. 
The substance, therefore, contained no active hydrogen. More dissolved on heating but 
efforts to get a complete solution were unsuccessful. I t  was estimated that one mole of 
the substance reacted with three moles of the reagent without giving off any gas. 

Bromination of 111.-Treatment of a chloroform solution of I11 with bromine in 
chloroform, removal of the chloroform and recrystallization of the product from metha- 
nol gave C22HZ308Br containing methanol of crystallization which was removed with 
difficulty, i t  being necessary to dry a t  80' for one and one-half hours and then a t  120" 
for two hours to yield methyl dihydronarceonate monobromide, m. p. 189'. 

Anal.  Calcd. for Cs3Hz308Br: C, 53.33; H, 4.65; Br, 16.2. Found: C, 53.37; 
H. 4.54; Br. 16.6. 

Narceine Methoxime.-To a solution of 1 g. of narceine in 50 cc of methanol was 
added 0.2 g. of MeONH2. The mixture was heated in a bomb tube for 70-80 hours a t  
118" and then concentrated by evaporation on a steam-bath. The product crystallized 
out in good yields. It was crystallized from methanol and washed with ether, the crys- 
tals disintegrating to a fine crystalline powder which was dried a t  100" for three hours, 
m. p. 190". 

Anal.  Calcd. for CzrHmNz08: C, 60.76; H, 6.33. Found: C, 60.54; H, 6.29. 

Summary 
1. The identity of opium narceine with that obtained by the con- 

version of narcotine methyl iodide, chloride and methosulfate has been con- 
(25)  Kohler. Stone and Fuson, THIS JOURNAL, 49, 3181 (1927). 
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firmed by comparison of the physical properties of carefully purified 
material. 

2. The formulation of narceine as C-BHZ?NO~.~H~O has been definitely 
established by quantitative determination of the water of crystallization 
content and analyses of the dehydrated material. 

3. Dihydronarceonic acid, its methyl ester and the methyl and ethyl 
esters of narceonic acid have been prepared. 

4. Although attempts to alkylate the methylene group and to effect 
the reduction of the CO group by catalytic hydrogenation were unsuccess- 
ful, the lack of active hydrogen in methyl dihydronarceonate, its behavior 
on bromination and the formation of narceine methoxime confirm the 
formulation of narceine as a highly substituted desoxybenzoin. 

RAKWAY, NEW JERSEY RECEIVED SEPTEMBER 13, 1932 
PUBLISHED MARCH 7, 1933 

The Reaction between Acid Chlorides and Ethers in the 
Presence of Zinc Chloride 

DescudC1 reported that on mixing acetyl chloride and anhydrous ethyl 
ether with a sufficiently large amount of zinc chloride a violent reaction 
took place immediately which needed to be kept under control by means 
of external cooling. On working up the reaction mixture he obtained 
ethyl acetate and ethyl chloride in yields approximating 90 and 67%, 
respectively, on acetyl chloride, based on the equation 

CH,COCI + (C2Hs)zO --+ CH3COzCzHs + CzHsCl 

The author, furthermore, makes the statement that "the yields are almost 
theoretical." 

Wedekind and Hauessermann2 obtained a 50% yield of ethyl benzoate 
from benzoyl chloride and excess of ether in presence of large amounts of 
sublimed ferric chloride. 

Recently H. W. Underwood, Jr., has extended the study of this reaction, 
stressing the catalytic action of zinc chloride. He and Wakeman3 have 
refluxed the acid chlorides mixed with a slight excess of anhydrous ethers 
in presence of relatively substantial amounts of zinc chloride and isolated 
the corresponding esters in some instances in as high as 79% of the theoreti- 
cal yield. 

The amount of alkyl chlorides isolated by Underwood and Toone4 was 
far from that which is required by Descud6's equation. The authors, in 

(1) DescudQ, Comfit. rend., 132, 1129 (1901) 
(2) Wedekind and Haussermann, Ber., 34, 2081 (1901). 
(3) Underwood and Wakeman, THIS JOURNAL, 52, 387 (1930). 
(4) Underwood and Toone, ibid., 62, 391 (1930) 



discussing the action of zinc chloride on ethers, indicate that the ether is 
decomposed into alcohol and an alkylene. If an acid chloride is present it 
reacts with the alcohol to form an ester, while the liberated hydrochloric 
acid reacts with some alcohol to produce the alkyl chloride Accordingly, 
based on the mechanism of the reaction as outlined, the amount of the 
ester formed cannot possibly exceed that which is equivalent to the un- 
saturated hydrocarbon; while the alkyl chloride, being a by-product, 
can be formed only in relatively small amounts. The authors isolated 
the alkyl chlorides in yields not much over 30% of the theoretical. 

Because of the discrepancy between Descud6's statement and the results 
obtained by Underwood and his co-workers, it seems desirable that a 
quantitative isolation of the products of the reaction should be made. 

In our case, where we used a mere trace of zinc chloride, the reaction 
between benzoyl chloride and ethyl ether gave results substantially as 
indicated in the equation given above. 

In the case of other ethers, the amounts of alkyl chlorides isolated will 
be less, since these chlorides have a greater tendency to decompose into an 
alkylene and hydrochloric acid. 

In the case of o-phthalyl chloride, Underwood and Wakeman observed 
that it reacts with ethyl ether in the presence of zinc chloride to form large 
amounts of phthalic anhydride together with a small amount of diethyl 
phthalate, and they conclude that the results "indicate that diethyl 
phthalate may be transformed into phthalic anhydride by zinc ~hloride."~ 

In order to avoid any side reactions which might be induced by the 
catalyst, we have used only traces of i t  in the reactions studied. 

We have observed that the chlorides of the monocarboxylic acids in 
reaction with ether in the presence of traces of zinc chloride require higher 
temperatures and longer time for completion than phthalyl chloride. 
With low boiling acid chlorides such as butyryl chloride, the reaction is 
hardly noticeable even at boiling temperature. Higher boiling acid 
chlorides, such as lauryl and benzoyl chlorides, show a distinct rate of 
reaction above 140'. By slowly dropping ether into benzoyl chloride 
containing traces of zinc chloride above 140°, we were able to isolate ethyl 
benzoate and ethyl chloride in good yields following the equation given 
above. 

In the case of o-phthalyl chloride, the reaction product does not contain 
any appreciable amount of the expected diethyl phthalate, due to the 
fact that the latter reacts readily with phthalyl chloride in the presence of 
zinc chloride to give two moles of ethyl chloride as follows 

(5) See also Underwood and Baril, THIS JOURNAL, 6B, 396 (1930). 
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so that the final result of the reaction may be expressed by the equation 

C&4 /CoC1 4- (C2N~)c0 4 CoH, 
'.COCl 

Experimental 
(1) Reaction between Benzoyl Chloride and Ethyl Ether.-One hundred and fifty 

grams of benzoyl chloride (1.06 g. moles) and 0.5 g. of technical anliydrous zinc chloride 
were charged into a three-necked, 500-cc. flask carrying a very efficient spiral reflux 
condenser, dropping furae! and thermometer. The flask was heated and the reaction 
temperature maintained a t  about 150'; 90 g. (1.21 g. moles) of freshly distilled ethyl 
ether was dropped in over a period of about ten hours at  such a rate that the temperature 
could be maintained a t  the point indicated. Toward the end of the addition of the ether, 
the reaction temperature was raised to 170°. The reaction gases were cooled through 
the reflux spiral condenser, which was kept at  the boiling point of ethyl chloride by 
running cold water, and, after bubbling through water, were condensed by means of a 
spiral condenser kept a t  0° and collected in a receiver cooled at  about -5 ". 

The liquid which was collected was fractionated carefully from small amounts of 
ethyl ether through an eEcient spiral condenser maintained a t  12O by running cold 
water. In  this manner 54 g. of ethyl chloride boiling at  12' (a few drops up to 16O) was 
collected. This is equivalent to 78.0% yield. 

The residue from the distiIIation was fractionated directly in vacuo: 146.5 g. of color- 
less ethyl benzoate was obtained boiling a t  96 to 98' a t  about 20 mm. This is equiva- 
lent to a 91.5% yield from benzoyl chloride. The product was free from any odor of 
benzoyl chloride and on analysis showed minute traces only of chlorine. 

The ester, upon fractionation a t  atmospheric pressure, boiled to the extent of 97% 
a t  208". 

In  the above reaction a small amount of uncondensed combustible gas escaped, 
which was undoubtedly ethylene. Allowing for unavoidable losses in the handling of 
ethyl chloride, it appears evident that DescudC's equation is substantially correct. 

Lauryl chloride reacts similarly but very slowly with ether a t  its boiling point. 
(2) Phthalyl Chloride and Ethyl Ether.-Two hundred and fifty grams (1.18 g. 

moles) of phthalyl chloride (analyzing 98%) and 0.4 g. of zinc chloride were charged into 
a three-necked flask (connected as under benzoyl chloride). The mixture was heated 
at  110" in the beginning and the temperature gradually raised to 170' as the reaction 
progressed, in order to avoid crystallization of the phthalic anhydride; 110 g. (1.48 g. 
moles) of ethyl ether was dropped in over a period of three hours. The ethyl chloride 
formed was fractionated in the presence of water through a spiral condenser maintained at 
12 '; 137 g. of distillate was obtained boiling up to 20 O. This was redistilled and 122 g. of 
liquid was collected boiling a t  12' (a few drops up to 14'). The latter amount is equiva- 
lent to an 80% yield on phthalyl chloride assuming that two molecules of ethyl chloride 
are formed per mole of phthalyl chloride and ether. 

(3) Phthalyl Chloride and Isopropyl Ether.-Two hundred grams (0 946 g. mole) of 
phthalyl chloride (96%) and 0.5 g. of zinc chloride were heated a t  130 to 140° a t  first 
and then gradually raised to 170° during the reaction. The reflux spiral condenser in 
this case was cooled by a slow current of running water so that any isopropyl chloride 
formed would distil over. The reaction products were cooled with ice water; 110 g. 
(1.08 g. moles) of isopropyl ether (freshly distilled) was dropped in within six hours. 
In this case it was observed that a considerable amount of gas, which was undoubtedly 
propylene, escaped condensation. In order to eliminate the presence of any hydro- 
chloric acid in the condensate, even after bubbling the gases through warm water be- 



fore condensation, the condensate was shaken with cold water and distilled. The wet 
distillate was dried over calcium chloride and refractionated. The isopropyl chloride ob- 
tained in this manner weighed 92 g., which is equivalent to  a yield of 62% from phthalyl 
chloride. The low yield of chloride is explained by the fact that isopropyl chloride read- 
ily undergoes decomposition to  propylene and hydrochloric acid. 

Summary 

The chlorides of high boiling monocarboxylic acids react with ethyl ether 
in the presence of traces of zinc chloride. With benzoyl chloride, ethyl 
chloride and the ester are obtained in good yield. 

Equimolecular amounts of o-phthalyl chloride and ethyl ether react to 
give phthalic anhydride and approximately two molecules of ethyl chloride. 

o-Phthalyl chloride and isopropyl ether react similarly to give phthalic 
anhydride and isopropyl chloride, but in this case larger amounts of propyl- 
ene are formed as a by-product. 

ST. LOUIS, MISSOURI RECEIVED SEPTEMBER 21, 1932 
PUBLISHED MARCH 7. 1933 

The Halogenation of Meta-Diphenylbenzene. I. 
The Monochloro and Monobromo Derivatives 

In the commercial manufacture of biphenyl from benzene, considerable 
quantities of the meta and para isomeric diphenylbenzenes are formed as by- 
products, the meta isomer predominating. Very little is reported in the 
literature on derivatives of the latter hydrocarbon. Olgiatil described the 
monobromo and tetrabromo derivatives and others the trinitro and tri- 
amino  derivative^.^ Recently, Wardner and Lowy3 reported the synthesis 
of the mononitro, the dinitro and related compounds. In no case, how- 
ever, has sufficient experimental proof been advanced to establish com- 
pletely the structures of the above-mentioned derivatives. 

This paper is limited to an account of the monochloro and monobromo 
derivatives, their oxidation products, and their proof of structure. A 
later publication will describe the preparation and properties of the poly- 
chloro and polybromo derivatives. Further study of the applications of 
the monohalogen derivatives to the Grignard reaction and the synthesis of 
metallo organo compounds, including the mercury and arsenic types, has 
been planned, and work in that direction is being pursued in this Laboratory. 

The authors acknowledge their great indebtedness to Mr. R. E. Bowman 
of Wilmington, Delaware, for the generous supply of purified m-diphenyl- 

(11 Olgiati. Ber., 27, 3385 (1894). 
(2) Schultz and Schmidt, Ann., 203, 118 (1880). 
(3) Wardner and Lowy. THIS JOURNAL, 64. 2510 (1932). 
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benzene, and for the frequent suggestions and aid given during the course of 
this investigation. 

Experimental Part 
Chlorination of m-Diphenylbenzene 

4-Chloro-1,3-dipheny1benzene.-Fifty-four grams of nz-diphenylbenzene and 
several nails freshly cleancd with hydrochloric acid were placed in a 250-cc. distilling 
%ask and heated on a water-bath. After the material had liquefied, a slow stream of 
chlorine gas was introduced. Reaction occurred rather slowly and the introduction 
of gas was continued anti! the weight af the reaction mixture had increased to 20% 
excess over the theoretical quantity. The flask and contents were then set aside for 
several hours to ensure con~pletion of the reaction, and the increase in weight of the con- 
tents of the flask again determined so as to ensure the required excess indicated above. 
The mixture was then dissolved in petroleum ether (30-60") to remove a small quantity 
of insoluble material which had formed. After filtration and removal of solvent, a thick 
yellow oil remained. This on fractionation yielded 52.6 g. (84.2%) of a viscous almost 
colorless and odorless oil with a boiling range of 214-216" (4 mm.). Specific gravity, 
25/25 ", 1.1903; refractive index (ny), 1.6564.4 

A d .  Calcd. for ClsHlaC1: C1.13.40. Found: C1, 13.63. 
Oxidation of Monochloro-mdiphenylbenzene.-Seven grams of the above oil was 

dissolved in sufficient glacial acetic acid so that none separated when cooled to room 
temperature. To this was added in small portions with frequent cooling of the reaction 
mixture, an 85% excess of CrOs over the theoretical quantity required for the oxidation 
of a phenyl group. It was allowed to stand for several hours a t  room temperature 
and poured into a large volume of cold water, whereupon a voluininous precipitate 
of the acid appeared. The pale yellow color of the resulting product was due to a small 
quantity of the unoxidized monochloro derivative contaminating the acid. A product 
of higher purity was obtained when a greater excess of CrOz was employed, but the 
yield was much lower than in the previous instance. Oxidation with potassium per- 
manganate in acetic acid also gave a purer product but lower yield. Hence the con- 
taminated product was dissolved in concentrated ammonium hydroxide and treated 
with a solution of manganous acid freshly prepared from manganese sulfate, potassium 
chlorate and nitric acid. On filtration, the flocculated manganese dioxide adsorbed the 
srnall quantity of oily monochlorodiphenylbenzene and the filtrate on acidifying with 
sulfuric acid yielded a voluminous white precipitate of the acid. The acid was removed 
by filtration, then redissolved in ammonium hydroxide, filtered and reprecipitated by the 
addition of sulfuric acid. The yield of the pure product was 3.5 g. (30%). Ordinary 
methods of purification of the contaminated acid by the use of solvents in place of the 
treatment with manganese dioxide require several recrystallizations with far less satis- 
factory yields due largely to increased mechanical losses. The melting point of the 
purified product was 208-209 O .  

Anal. Calcd. for CI3H9O2C1: C1, 15.25. Found: C1,15.18. 
Silver Salt of the above Chlorophenylbenzoic Acid.-Two grams of the above acid 

was suspended in water and neutralized with 6 N ammonia. On addition of an equiva- 
lent of silver nitrate (aqueous solution), a heavy white precipitate formed. This was 
filtered on a Buchner funnel and then transferred to an amber desiccator; yield, 2.8 
g. (theoretical, 2.9 g.). The moist silver salt turns pink on exposure to light and is 
soluble both in ammonium hydroxide and acids. 

(4) Crude m-diphenylbenzme can be chlorinated in the same way and the monochloro derivative 
obtained by a similar method of purification. 
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Methyl Ester of the above Chlorophenylbenzoic Acid.-One gram of the above 
silver salt was suspended in ether and treated with an equivalent of methyl iodide. 
After standing for several days in the dark the silver iodide was removed by filtration 
and the filtrate warmed to remove the solvent; yield, 0.5 g. of a yellow pungent oil; 
refractive index (n3$), 1.5952. 

Anal. Calcd. for C14Hl10~C1: C1, 14.38. Found: C1, 14.47.' 
Benzyl Ester of the above Chlorophenylbenzoic Acid.-One and eight-tenths grams 

of the silver salt and an equivalent of benzyl chloride dissolved in 40 cc. of ether were 
allowed to stand in the dark for one week. After it was apparent that no reaction had 
occurred, the ether was removed by warming the mixture, and 40 cc. of chloroform added. 
After refluxing this mixture for sixty hours, the silver chloride was removed by filtration, 
and the filtrate heated cautiously to expel solvent; 1.6 g. of a thick yellow oil remained 
and this solidified in a short time on standing When recrystallized from alcohol and 
water a mass of lustrous plates formed; m. p. 90'. 

Anal. Calcd. for CZ&T~~OSC~: C1,10.99. Found: C1,11.13. 

Proof of Stractnre of Monocbloro-m-diphenylbenzene 
Synthesis of 3-Nitro4chlorotoluene.-This derivative was prepared from 3-nitro- 

4-aminotoluene (Eastman grade) according to the procedure of Gattermann and 
K a i ~ e r , ~  with the modification that the diazotization was carried out a t  0' in the pres- 
ence of sulfuric acid, and the resulting diazonium solution then added to the boiling 
CuCI-HCl mixture; yield, 44.6y0. 

Synthesis of 3-Amino-4-chlorotoluene.-The above mentioned workers and also 
Goldschmidt and Honige prepared the m i n e  by reduction of the nitro derivative with 
tin and hydrochloric acid. Iron powder and sulfuric acid was used in our work in order 
to avoid the formation of a dichlorotoluidine, which occurs when tin and hydrochloric 
acid are employed. The details of the reduction are the same as described later for the 
synthesis of 3-amino-4bromotoluene; yield 88.2%. Identification of our product was 
established through its acetyl derivative; melting point observed, 97'. The value 
given in the literature is 96". 

Synthesis of 2-Chloro-5-methylbiphenyl.-The method of Gomberg and Bachmann7 
for the synthesis of unsymmetrical biaryls was employed. From 75 g of 3-amino-4- 
chlorotoluene, 16.3 g. of a brownish yellow oil boiling a t  294304' (735 mm.) was ob- 
tained; yield, 15%; specific gravity 25/25", 1.139; refractive index (nT), 1.5977. 

Anal. Calcd. for ClsH11CI: C1, 17.51. Found: Cl, 17.61. 
Oxidation of 2-Chloro-5-methylbiphenyl.-Two grams of 2-chloro-5-methylbi- 

phenyl was dissolved in glacial acetic acid and cooled to room temperature; 3.1 g. of 
powdered potassium permanganate was added in small portions with occasional stir- 
ring of the mixture. After standing for two hours, the mixture was made ammoniacal 
and filtered. The filtrate on acidifying with sulfuric acid yielded a white flocculent pre- 
cipitate of 3-phenyl-4-chlorobenzoic acid. After separation of the precipitate, it was 
redissolved in ammonium hydroxide, filtered and reprecipitated with sulfuric acid; yield 
of purified product 0.5 g. (21.7%); melting point, 208-209'. 

Anal. Calcd. for C1,HoOlCl: C1, 15.25. Found: C1, 15.20. 
A mixed melting point of this product and the acid obtained from the oxidation of 

monochloro-m-diphenylbenzene indicated that these substances were identical. From 
the above, it follows that the chlorination of m-diphenylbenzene produced 4-chloro-1,3-di- 
phenylbenzene and the oxidation product of the latter was 3-phenyl-4-chlorobenzoic acid. 

(5) Gattermann and Kaiser, Ber., 18, 2600 (1885). 
(6) Goldschmidt and Hijnig, ibid., 19, 2442 (1886). 
(7) Gomberg and Bachmann, TIUS JOURNAL, 46, 2339 (1924). 
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Bromination of m-Diphenylbenzene 

4-Bromo-1,3-dipheny1benzene.-Fifty grams of m-diphenylbenzene and several 
iron nails (freshly cleaned with hydrochloric acid) were placed in a short-necked 500-cc. 
round-bottomed flask to which was attached a dropping funnel and a reflux condenser. 
The flask was heated in a water-bath to melt the hydrocarbon and then 14 cc. of bromine 
(25% excess) was added very slowly from the dropping funnel, with vigorous agitation 
after each addition of several drops in order to minimize the quantity of higher bro- 
minated products formed. The time required for the complete addition of halogen mas 
four to five hours. After the evolution of hydrogen bromide had ceased the reaction 
mixture was heated on a sand-bath to 200° to expel remaining traces of bromine and 
then allowed to cool to room temperature. Petroleum ether @&60°) was then added 
to precipitate solid contaminants, and the reaction mixture filtered. The solvent was 
expelled from the filtrate by cautious heating and the residual oil fractionated under 
diminished pressure, Forty-two and four-tenths grams of a pale yellow viscous oil 
boiling a t  208-213' (1 mm.) was obtained; theoretical yield, 67.1 g.; specific gravity 
25/25", 1.355; refractive index (ray) 1.6720, (n33 1.6653. 

Anal. Calcd. for Cr8HuBr: Br, 25.88. Found: Br, 25.97.8 
Olgiati prepared this derivative by allowing equivalent quantities of m-diphenyl- 

benzene and bromine in the presence of carbon disulfide to stand a t  room temperature 
for three days and then warming under a reflux condenser until the reaction was com- 
plete.@ On solution of the reaction product (after removal of solvent and unreacted 
bromine) in a dilute alcohol-water mixture and spontaneous evaporation a t  low tempera- 
tures, he obtained a crystalline product melting at  31 '. Numerous attempts to solidify 
our product were futile; even after standing several weeks in a refrigerator, the product 
remained an oil. Olgiati assumed the structure of this derivative from the fact that on 
oxidation a bromo-diphenylcarboxylic acid was obtained, and from the fact that the 
tetrabromo-m-diphenylbenzene (synthesized from the monobromo derivative) on oxida- 
tion yielded pbromobenzoic acid and 3,4-dibromobenzoic acid. From the  above he 
assumed that the position occupied by the fourth bromine atom was probably position 
4 of the inner ring of m-diphenylbenzene. Proof for the latter conclusion was not com- 
pletely established. 

Oxidation of 4-Bromo-l,3-dipheny1benzene.-Six grams of 4-bromo-1.3-diphenyl- 
benzene on oxidation with 30 g. of CrOa in glacial acetic acid yielded after several re- 
crystallizations from alcohol and water 0.9 g. of pure bromophenylbenzoic acid (16.6%) ; 
melting point 242-243O. This agrees with the value reported by Olgiati for the acid.1° 

Proof of Structure of Monobromo-m-diphenylbenzene 

Synthesis of 3-Nitro4bromotoluene.-The procedure described for the prepara- 
tion of p-bromotoluenell was adopted for this preparation, except for the minor changes 
referred to below. 

From 152 g. of 3-nitro-4-aminotoluene (Eastman grade), 170 g. of crude 3-nitro-4- 
bromotoluene was obtained by steam distillation. This was dissolved in ether and the 
ether layer washed with two separate 25-cc. portions of cold normal sodium hydroxide 
and then with water. After drying the ether layer with calcium chloride, and evapora- 
ting the solvent 153 g. of oily product remained; yield, 70.9%. 

Synthesis of 3-Amino4bromotoluene.-To 153 g of 3-nitro-4-bromotoluene and 

(8) In several successive runs, traces of white solid appeared in the pure fraction on standing. 
In such eases, the treatment with petroleum ether was repeated and the oil again fractionated after re- 
moval of solvent. 

(9) Ref. 1, pp. 33863387. 
(lo) Ref. 1 p. 3388. 
(11) "Organic Syntheses," John Why and Sons, N. Y., 1926, Vol. V, p. 21. 
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150 cc. of water in a 3-liter flask wit11 reflux condenser attached, 130 g. of powdered iron 
and 350 cc. of 18 N sulfuric acid were added alternately in small portions, shaking 
vigorously after each addition and with occasional cooling of the reaction mixture. 
After the last portions of iron and acid had been added, the mixture was refluxed on a 
water-bath for eight hours. It was then cooled, made basic with concd. sodium hy- 
droxide and steam distilled. The distillate was extracted with ether, the ether layer 
dried with calcium chloride and solvent removed by distillation. A dark red oil weigh- 
ing 118 g. remained; theoretical yield, 124 g. This product was purified by preparation 
of its acetyl derivative in the usual way, recrystallization of the latter from alcohol and 
water, and saponification with alcoholic potash; melting point of the acetyl derivative, 
120-121". Nevile and WintherX2 reported a value of 113.7-114 6" and Claus, 1640.13 

Anal. Calcd. for C~HIOONB~: N, 6.14; Br, 35.07. Found: N, 6.18; Br, 35.43. 
The purified amine is a pale yellow oil with a characteristic odor; b. p. 129-130" 

(16 mm.); sp. gr. 25/25' 1.474; refractive index (nZi )  1.5990. This oil gave no indica- 
tion of crystallization even after standing for several months at ordinary temperatures. 

Anal. Calcd. for C7HsNBr: N, 7.53 Br, 42.97, Found: N, 7.32; Br, 4'2.61. 
Wroblewsky14 prepared the base by reduction of 3-nitro-4-bromotoluene (liquid 

-20") with tin and hydrochloric acid; m. p. of amine. 67'. Hiibner and Roos16 de- 
scribed the nitro compound with a melting point 31-32', and its corresponding amino 
derivative melting a t  75'. Clausla prepared the amine by saponification of its acetyl 
derivative and reported a melting point of 35". His acyl derivative in turn was ob- 
tained by rearrangement of the oxime of 6-bromo-3-methyl-acetophenone in the pres- 
ence of sulfuric acid and the latter compound was prepared from p-bromotoluene, acetyl 
chloride and aluminum chloride. Nevile and Winther12 reported the melting point of 
the amine as 30.6-32 ". Recently, Huston and Hutchinson,l~ollowing the procedure 
of Nevile and Winther, obtained an amine melting at  32-33". and boiling at  115-118° 
(16 mm.). 

We attempted the reduction of 3-nitro-4-bromotoluene employing tin and hydro- 
chloric acid and obtained a product melting a t  30-32", but this substance after re- 
crystallization gave qualitative tests for both chlorine and bromine. Moreover, this 
compound and benzene, by the Gomberg-Bachmann procedure, gave a chlorobromo- 
methylbiphenyl, which was not investigated further. I t  is apparent that some of the 
earlier workers were nitrating mixtures of para and ortho bromotoluene without sepa- 
rating the desired nitro body from the mixture, while others presumably were unaware 
of a partial substitution of halogen in the ring when tin and hydrochloric acid were used 
in the reduction of the nitro derivative. Furthermore, analytical data to substantiate 
the purity of the particular compounds described by the above mentioned investigators 
is notably absent. Hence, it is very probable that Nevile and Winther were describing 
a chlorobromotoluidine, or a mixture of this and the expected bromotoluidine, the 
separation and purification of which was only partially possible under the conditions 
employed in their work. 

In  order to characterize further our 3-amino-4-bromotoluene, the benzoyl deriva- 
tive was prepared. After recrystallization from alcohol and water it melted at  107.5- 
108.5'. 

Anal. Calcd. for C14WlaONBr: N, 4.92; Br, 27.55. Found: N, 4.66. Br, 27.84. 
Synthesis of 2-Bromo-5-methylbiphenyl.-From 45 g. of 3-amino-4-bromotoluene, 

(12) Nevile and Winthet, Ber., 13, 972 (1880). 
(13) Claus, J. prakt. Chcm., [2] 46, 25 (1892). 
(14) Wroblewsky, Anlz., 168, 177 (18733. 
(16) Hiibner and Roos, Bn., 6,800 (1873). 
(16)~~uston and Hutchinson, TBIS JOURNAL, 54, 1504 (1932). 
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diazotized and coupled wit11 benzene as described for the preparation of 2-chloro-5- 
methylbiphenyl, 9.5 g. (16%) of an aromatic yellow oil boiling at  304-308O (740 mm.) 
was obtained; density 25/25", 1.358; refractive index (n2$), 1.6150. 

Anal. Calcd. for ClrHtlBr: Br, 32.35. Found: Br, 32.45. 
Oxidation of 2-Bromo-5-methylbiphenyl.-From 1 g. of the derivative just de- 

scribed, and 1.5 g. of powdered potassium permanganate in glacial acetic acid, there was 
obtained, after following the method employed for the oxidation of 2-chloro-5-methyl- 
biphenyl, 0.3 g. of 3-phenyl-4-bromobenzoic acid; yield 27%; m. p. 242-243 O. 

Anat. Calcd. for CtrHsOzBr: Br, 28.85. Found: Br, 28.81. 
A mixed melting point of this product and that obtained from the oxidation of 4- 

hromo-1,3-diphenylbenzene indicated that the two acids were identical. Therefore, the 
structure assumed by Olgiati for the monobromo derivative of m-diphenylbenzene is 
confirmed by the above results. Moreover, the salts and the methyl and ethyl esters 
derived from the bromo-diphenylcarboxylic acid described by Olgiati, are those of 
3-phenyl-4-bromobenzoic acid. 

In  the course of the experimental proof of structure of 4-bromo-l,3-diphenylben- 
zene, the synthesis of 2-bromo-5-phenylbenzoic acid was also attempted, since this was 
the only other bromo-diphenylcarboxylic acid theoretically possible from the oxidation 
of 4-bromo-1,3-diphenylbenzene. The general steps taken to accomplish this end are 
re~resented schematically as follows: m-toluidine --+ m-acetotoluide ---j. 3-acet- 

-+ 2-bromo-5-phenylbenzoic acid. Since the first three stages in the synthesis are 
described elsewhere in the literature, it will suffice to report only the preparation of 3- 
methyl-4-bromobiphenyl. This derivative was obtained from 6-bromo-3-aminotolnene 
according to the method described previously for 2-chloro-5-methylbiphenyl; b. p. 
318-323 O (760 mm.) ; refractive index (a?), 1.6358. 

Anal Calcd. for CI~HIIB~: Br, 32.35. Found: Br, 32.27. 
All attempts to oxidize 3-methyl-4-bromobiphenyl by the methods already de- 

scribed in the preceding were unsuccessful, the desired product being destroyed by the 
oxidation. In view of this observation, it is very probable that the oxidation of 4- 
bromo-1,3-diphenylbenzene proceeded simultaneously with the formation of both iso- 
meric acids, 3-phenyl-4-bromobenzoic acid and 2-bromo-5-phenylbenzoic acid, but the 
latter compound was destroyed and thus only the former acid was isolated. 

Summary 

1. The preparation and proof of structure of 4-bromo-1,3-diphenyl- 
benzene and 4-chloro-1,3-diphenylbenzene are reported. 

2. Several new unsymmetrical biaryl derivatives have been prepared 
and their properties determined. 

3. The structure of the bromobiphenylcarboxylic acid and its methyl 
and ethyl esters first prepared by Olgiati, has been established. 

4. An explanation of the discordant data in the literature and also the 
corrected physical constants for 3-amino-4-bromotoluene and its acetyl 
derivative are given. 

5. An improved method for the purification of acids obtained on oxida- 
tion of liquid halogenated aromatic hydrocarbons with CrOs and glacial 
acetic acid has been suggested. 

AKRON, OHIO RECEIVED SEPTEMBER 22, 1932 
PUBLISHED MARCH 7, 1933 



Studies on Pyrethrum Flowers. V. The Presence of 
Pyrethrolon and Methyl Pyrethrolon in the Flowers 

I n  1929 Tattersfield, Hobson and Giminghaml published two chemical 
methods for evaluating pyrethrum flowers which were modifications of 
methods proposed by Staudinger and  hard^.^ One of these methods 
depended on the saponification of the pyrethrins, which are esters, and 
titration of the resulting acids. The other consisted of isolating the 
pyrethrins as semicarbazones, with subsequent estimation of the pyre- 
thrins from the nitrogen content of the semicarbazones, determined by 
the Kjeldahl method. The results obtained by the two methods were in 
good agreement.' In the same year Gnadinger and Cor13 described a 
method based on the copper-reducing action of the ketone group present in 
both pyrethrins. Martin and Tattersfield4 have shown that this method 
agrees excellently with their own. Hartzell and Wilcoxon6 also have found 
good agreement between Tattersfield's acid method and the copper reduc- 
tion method Martin and Tattersfield4 have used the principle of the 
writers' method to develop a fourth method which also gives results that 
agree with the Gnadinger and Corl method. 

Thus i t  has been found that the four chemical methods, depending on 
three different reactions, yield concordant results. Martin and Tatters- 
field,4 Hartzell and Wilc~xon,~ and the writers6 have found that the pyre- 
thrin content, determined chemically, is correlated with the toxicity deter- 
mined by biological tests on different insects. 

Ripert7 has condemned all of the methods for evaluating pyrethrum, 
both chemical and physiological. He claims to have isolated the methyl 
ether of pyrethrolon from pyrethrum flowers and states that this com- 
pound is present to the extent of 0.1 to 0.4% and would interfere with 
the copper reduction method, being estimated as pyrethrins without having 
any toxicity to insects. 

In  order to make clear the significance of this statement, i t  should be 
recalled that the pyrethins are esters of the ketone alcohol pyrethrolon 
with chrysanthemum monocarboxylic acid or chrysanthemum dicarboxylic 
acid methyl ester, and the copper reducing action of the pyrethrins is due 
to the presence of the ketone group in the alcoholic component (pyre- 
throlon) of the esters. 

(1) Tattersfietd, Hobson and Gimingham, J. Agr. S C ~ . ,  19, 266-296 (1929). 
(2) Staudinger and Harder, Ann Acad. Sci. Fennicae, A29, 1-14 (1927). 
(3) Gnadinger and Corl, THIS JOURNAL, 61, 3054 (1929). 
(4) Martin and Tattersfield, J. Agr. Sck.. 21, 120 (1931). 
(5) Hartzell and Wilcoxon, Contribution from Boycc Thompson Institute, 4, 107-117 (1932). 
(6) Gnadinger and Corl, THIS JOURNAL. 62, 3300 (1930). 
(7) Ripert, Ann. fals., 24, 325-341 (1931). 
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Ripert does not give the details of the method he employed for isolating 
the methyl ether of pyrethrolon from the flowers and the proof of its 
identity which he presents is not conclusive. His statement that the 
compound would interfere in the copper reduction method is not sup- 
ported by any evidence. 

When the copper reduction method was developed, the writers realized 
that pyrethrolon might be present in the flowers; the possible presence 
of the methyl ether of pyrethrolon was not considered. At that time 
pyrethrolon was prepared and its properties were investigated. 

Neither pyrethrolon nor its methyl ether was found in the flowers by 
Staudinger and Ruz i~ka ;~  the thoroughness of their work makes it im- 
probable that quantities of the methyl ether as great as Ripert reports 
would be overlooked. Nevertheless, it was considered advisable to in- 
vestigate Ripert's claims. The results of this investigation are herewith 
presented. 

Experimental Part 

Staudinger and Ruzickag called attention to the fact that the pyrethrins 
in petroleum ether solution are not appreciably attacked by potassium 
permanganate solution. They also found that pyrethrolonl0 in aqueous 
suspension, and pyrethrolon methyl ether" are immediately oxidized by 
potassium permanganate solution. Staudinger and Ruzicka did not in- 
vestigate these reactions quantitatively nor under exactly the same condi- 
tions. The writers12 had found that the pyrethrins in petroleum ether are 
scarcely attacked by potassium permanganate, while pyrethrolon under 
these conditions was completely oxidized and removed from the petroleum 
ether solution.13 Hence this procedure might afford a means for separating 
the pyrethrins from pyrethrolon and possibly from pyrethrolon methyl 
ether. 

Effect of Potassium Permanganate Solution on Pyrethrins I and 11.-The semicarba- 
zones of pyrethrins I and I1 were separated from 15 kg. of Japanese Pyrethrum cinerariae- 
folium by a slight modification of Staudinger and Ruzicka'ss method. The mixed semi- 
carbazones melted a t  75 to 90' and were converted into mixed pyrethrins I and I1 with 
oxalic acid so lu t i~n .~  The crude pyrethrins were purified by the writers' method14 and 
were immediately dissolved in sufficient petroleum ether to make the pyrethrin content 
about 3.5 g. in 1000 cc. This stock solution was kept in thedark. Analysis by Tatters- 
field's acid method showed that the mixed pyrethrins consisted of 51.3y0 pyrethrin I 
and 48.7% pyrethrin 11. 

The extent to which the pyrethrins in petroleum ether are oxidized by permanganate 
was determined in the following manner. 

(8) Staudinger and Ruzicka. Helo. Chim. Acta, 7, 177-259. 377-458 (1924). 
(9) Ref. 8, p. 189. 
(10) Ref. 8, p. 228. 
(11) Ref. 8, p. 222. 
(12) Ref. 3, p. 3056. 
(13) Ref. 3, p. 3060. 
(14) Ref. 6, p. 3303. 



An aliquot of the stock petroleum ether solution of pyrethrins was measured into a 
separatory funnel and diluted with sufficient petroleum ether to  make the volume 100 
cc.; 25 cc. of 2% potassium permanganate solution was added and the funnel was vigo- 
rously shaken for one minute. Immediately 20 cc. of 5% sodium bisulfite solution and 
5 cc. of 15y0 sulfuric acid were added and the funnel was gently shaken until the excess 
of permanganate was destroyed. In  some cases 50 cc. of 2% permanganate solution was 
used; in every case an excess of permanganate solution was present. 

The  petroleum ether and aqueous layers were separated; the former was mashed 
with 25 cc. of water and the aqueous layer was extracted with an equal volume of petro- 
leum ether. This second petroleum ether extract was washed with the 25 cc. of water 
used t o  wash the original petroleum ether solution. The combined petroleum ether ex- 
tracts were filtered into a 400-cc. beaker. A second aliquot of the stock solution of pyre- 
thrins, equal to the first, was measured into another 400-cc. beaker and was diluted with 
petroleum ether to  the same volume as  the solution which had been treated with per- 
nianganate. The two petroleum ether solutions were then evaporated on a steam-bath 
and the pyrethrin content of the residues was determined by the writers' method. Thc 
results of these experiments are given in Tabie I. 

Aliquot 
taken, cc. 

50 
40 
35" 
30 
25" 
20 
10 

SOLUTION 
Pyrethrins found 

Treated with 
Not treated. mg. KMnO4, mg. 

185.4 174.1 
141.9 137.2 
135.6 128.6 
106.3 100.7 
85.9 84.0 
70.2 66 .8  
34.6 33.6 

Pyrethrins lost by 
KhfnO4 treatment 
mg. % 

11.3 6 .1  
4 . 7  3 . 3  
7 . 0  5 . 2  
5 . 6  5 . 3  
1 . 9  2 . 2  
3 . 4  4 . 8  
1 . 0  2 . 9  

Av. 4 .3  
" 50 cc. of KMn04 solution used. 

The  aliquots taken were selected to  correspond t o  the pyrethrin content which 
would be present in pyrethrum flowers when using 15 g. of flowers for assay. The loss 
of pyrethrins by the permanganate treatment varied from 2.2 t o  6.lY0, with a n  average 
of 4.3%. 

Effect of Permanganate Solution on Pyrethro1on.-Part of the mixed semicarba- 
zones of pyrethrins I and I1 was saponified a t  0' as recommended by Staudinger and 
Ruzicka.15 The resulting pyrethrolon semicarbazone was converted into pyrethrolon 
by prolonged shaking with benzene and sodium bisulfate solution.10 This pyrethrolon 
(0.898 g.) was completely dissolved in petroleum ether, in which i t  was but slightly sol- 
uble. The petroleum ether solution was washed with ST0 permanganate solution, which 
was instantly reduced. The washings with permanganate were continued until an ex- 
cess of permanganate remained. The petroleum ether solution was then filtered and 
distilled in vacuum a t  45O to  constant weight; the residue weighed 0.012 g., that  is, 
98.7% of the pyrethrolon was oxidized and removed from the petroleum ether solution, 
by  the  permanganate treatment. 

Effect of Permanganate Solution on Pyrethrolon Methyl Ether.-A second portion 
of the mixed semicarbazones of pyrethrins I and I1 was saponified a t  0 and the pyre- 

(15) Ref. 8, p. 196. 
(16) Ref. 8, p. 216. 
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throlon semicarbazone so obtained (m. p. 200-203") was used to synthesize pyrethrolon 
methyl ether, enlploying the procedure of Staudinger and Ruzicka.17 Thirteen grams of 
pyrethrolon semicarbazone yielded 4.7 g. of pyrethrolon methyl ether. A small portion 
of the pyrethrolon methyl ether was treated with semicarbazide hydrochloride; the 
semicarbazone d pyrethrolon methyl ether so obtained melted a t  187". This melting 
point is slightly higher than recorded by Staudinger and Ruzicka (183"), probably be- 
cause of the presence of a small amount of pyrethrolon. 

The remainder of the pyrethrolon methyl ether was dissolved in petroleum ether, 
the concentration being 0.643 g. per 100 cc. Aliquots of this solution were treated with 
permanganate solution exactly as described above in the case of the pure pyrethrins, 
and the copper reducing power of tiie pernianganate treated sdutior, W ~ S  compared with 
that of a solution of the same pyrethrolon methyl ether content which had not been 
treated with permanganate. Since no tables have been calculated for the copper reduc- 
ing power of pyrethrolon methyl ether, it was necessary to express its reducing power, 
in Table 11, in terms of the amount of dextrose having equivalent copper reducing power. 

TABLE I1 
EFFECT OF TREATING PYRETHROLON METHYL ETHER IN PETROLEUM ETHER WITH 2y0 

PERMANGANATE SOLUTION 

Dextrose equivalent in 
reducing power to pyre- 

throlon methyl ether Pyrethrolon 
Treated methyl ether 

Pyrethrolon Permanganate Not treated with with lost by KMnO4 
methyl ether, mg. soh. used, cc. KMnO4, mg. KMnO4, mg. treatment, % 

In the f ist  experiment (Table 11) the permanganate solution was completely re- 
duced by about half the pyrethrolon methyl ether taken. When the amount of per- 
rnanganate was doubled, or the quantity of pyrethrolon methyl ether was halved, the 
copper reducing power of the pyrethrolon methyl ether was completely destroyed. 
The amounts of pyrethrolon methyl ether taken were several times greater than would 
be encountered in assaying pyrethrum flowers containing the amount of pyrethrolon 
methyl ether Ripert claims to have found. It should also be noted that the copper 
reducing power of pyrethrolon methyl ether is somewhat less than that of the pyrethrins. 
This was also true of pyrethrolon.ls 

Effect of Permanganate on Petroleum Ether Extract of Pyrethrum Flowers.-From 
the foregoing experiments it is quite clear that the pyrethrins can be separated, with 
slight loss, from pyrethrolon or pyrethrolon methyl ether by treating them, in petroleum 
ether, with 2% potassium permanganate solution. 

According to Ripert,lg methyl pyrethrolon is the form in which the reserve of pyre- 
throlon is stored by the plant, pending esterification with the chrysanthemum acids by 
metabolic processes. If this is the case one would expect to find larger quantities of 
methyl pyrethrolon in freshly harvested flowers than in flowers several months old. In 
Table I11 are given the analyses of samples of pyrethrum flowers assayed as soon as 
possible after harvesting. Two series of 15-g. samples of the ground flowers were ex- 
tracted with petroleum ether in Soxhlet extractors. One series of petroleum ether ex- 
tracts was assayed by the writers' method. Another series of petroleum ether extracts 
was first treated with 2% permanganate solution exactly in the manner described above, 
before assaying. 

(17) Ref. 8, p. 222. 
(18) Ref. 3, p. 3060. 
(19) Ref. 7, p. 340. 



EFFECT OF PERMANGANATE TREATMENT ON PYRETHRIN CONTENT OF FRESHLY 

HARVESTED PYRETHRUM FLOWERS 

Pyrethrin content Loss of 
of flowers pyrethrins by 

Not Treateda KMnOc treatment 
treated with with % O f  

KMnO4. K M n a ,  pyrethrin 
Where grown Harvested Assayed % % % content 

Colorado 7/14/32 7/21/32 1.04 1.00 0.04 3.8 
Wakayama. Japan 6/15/32 8/9/32 1.00 0.94 .06 6.0 
Spalato. Dalmatia 5/27/32 7/19/32 0.84 .79 .05 5.9 

Av. .05 5.2 
" 50 cc. of 2% KMnOc used. 

The average loss in pyrethrin content of the flowers by the permanganate treatment 
is 0.05% equivalent to 5.2% of the total pyrethrins present. This is only 0.9% greater 
than the loss with pure pyrethrins (4.3%, see Table I). This indicates that pyrethrolon 
and pyrethrolon methyl ether are not present in flowers shortly after harvesting. 

Ten additional samples of pyrethrum flowers from different sources were assayed 
ten months after they were harvested. These samples were assayed by the copper re- 
duction method both with and without the permanganate treatment. The results are 
compared in Table IV. 

Pyrethrin content of Bowers Loss of pyrethrins 
Not treated Treated due to  KMnO4 

with with treatment 
KMnO4, KMnO4, % of pyrethrin 

Where grown Grade 70 % % content 

Rose, Dalrnatia 
Trogir. Dalmatia 
Trogir, Dalmatia 
Hokkaido, Japan 
Hokkaido. Japan 
Hokkaido. Japan 
Hokkaido, Japan 
Hokkaido, Japan 
Hokkaido, Japan 
Cyprus 

Half closed 
Mixed 
Closed 

...... 
Closed 

0.11 
.ll 
.12 
.08 
.10 
.12 
.13 
.14 
.16 
.12 

Av. .12 

The loss in pyrethrii content averaged 0.12% of the weight of the flowers, equiva- 
lent to 15.0% of the pyrethrins present. The losses are fairly constant for flowers from 
different countries and of different pyrethrin contents. Correcting for the loss due to 
the effect of permanganate on pure pyrethrins (4.393, the average loss in these ten- 
month old flowers, due to other oxidizable material, is 10.7% of the pyrethrins present. 
I n  the freshly harvested flowers the corrected loss was 0.9%. 

The writer30 have shown that the pyrethrin content of pyrethrum flowers becomes 
gradually reduced as the flowers age, the loss amounting to about 30% in one year. 
This loss of pyrethrins is due to oxidation or to a molecular rearrangement and is accele- 
rated by light.6 91 The altered pyrethrins are almost insoluble in petroleum ether, the 

(20) Gnadinger and Corl, Ind .  Eng. Cham., 94, 901 (1932). 
(21) Tattersfield, J. Agr. Sci., 396-417 (1932). 
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solubility being 3.6 mg. pw 100 cc. a t  20". Their copper reducing power is slightly 
higher than that of the pyrethrins. Whether they are oxidized in petroleum ether solu- 
tion by permanganate was not determined because of their low solubility in that solvent. 

In  ether, however, a considerable oxidation of altered pyrethrins occurs when the 
permanganate treatment is applied. An ether solution containing 88 mg. of pyrethrins 
altered by exposure to air a t  room temperature was washed with 25 cc. of saturated 
permanganate solution. The ether solution was evaporated and the residue was 
weighed; 62 mg. of altered pyrethrins was lost by oxidation. A second ether solution 
coritaining 176 mg. of altered pyrethrins was treated with permanganate in the same 
manner as the pure pyrethrins, as previously described. The loss by the permanganate 
treatment was 45 mg. The altered pyret3irin.s are apparently more readily attacked 
than pyrethrins I and I1 and it is quite probable that the altered pyrethrins in the 
samples reported in Table IV were oxidized by the permanganate treatment. This 
would account, in part, for the fact that old flowers show a greater loss in pyrethrin 
content when treated with permanganate than new flowers similarly treated. 

Summary 

1. A method is described for separating pyrethrolon and its methyl 
ether from pyrethrins I and 11. 

2. The pyrethrins in petroleum ether are not readily oxidized by dilute 
permanganate solution, the loss averaging about four per cent. 

3. Pyrethrolon and pyrethrolon methyl ether, in petroleum ether, are 
instantly oxidized by dilute permanganate solution and removed from the 
petroleum ether. 

4. Pyrethrins altered by exposure to air are, in ether solution, appreci- 
ably oxidized by permanganate solution. 

5. Freshly harvested pyrethrum flowers assayed by the permanganate 
method show about the same loss of pyrethrins as solutions of pure pyre- 
thrins of the same strength. 

6. Pyrethrum flowers ten months old show a somewhat greater loss by 
the permanganate method, probably because of the oxidation of altered 
pyrethrins. 

7. No evidence of any appreciable amount of pyrethrolon or pyrethrolon 
methyl ether was found in flowers from America, Dalmatia or Japan. 

MINNEAPOLIS, MINNESOTA RECEIVED SEPTEMBER 23, 1932 
PUBLISHED MARCH 7, 1933 



Hydroxyphenyl Alkyl Sulfides1 

BY ELLIS MILLER AND R. R. READ 

I n  their study of the antiseptic properties of phenolic sulfur combinations, 
Hilbert and Johnson2 discovered that p-hydroxydiphenyl sulfide possessed 
greater germicidal power than was then shown by the most active members 
of the alkylated phenol family. Since this unusual activity appeared to 
be due largely to the sulfur linkage, i t  was felt by the authors that even 
more striking results might be obtained by substituting an alkyl group for 
one of the phenyl groups in this compound. Accordingly, they undertook 
the synthesis of a series of hydroxy-phenyl alkyl sulfides of which a number 
are described in this paper. 

Experimental 
.The procedure first used was an adaptation of the method of Hilbert and Johnson. 

It was found that diazotized phenetidine would couple with mercaptans as readily as 
with thiophenol. However, in order to simplify the process and, especially, to elimi- 
nate the dealkylation step, use was made of the Leuckart3 reaction, which depends 
upon the greater reactivity of the sulfhydryl group in thiohydroquinone as compared 
with the hydroxyl group. Thiohydroquinone is prepared by coupling diazotized p- 
aminophenol with ethyl potassium xanthate. Leuckart prepared p-hydroxyphenyl 
ethyl sulfide by converting thiohydroquinone into the lead salt through lead acetate 
and heating it in alcoholic suspension with ethyl iodide. The authors found, in pre- 
paring the other members of the series, that the mono-sodium salt of thiohydroquinone 
in methyl alcohol solution was even more effective than the lead salt. 

Since the methods of preparation are uniformly applicable to any member of the 
series, only one example, that of p-hydroxyphenyl butyl sulfide, will be given. The 
other members thus prepared, together with their physical constants and analyses, are 
shown in the accompanying table. 

Preparation of Thiohydroquinone.-110 grams of p-aminophenol (1.0 mole) was 
dissolved in an excess of 10% hydrochloric acid (2.25 moles). The solution was cooled 
below 15" and was diazotized by the gradual addition of 70 g. of sodium nitrite (1.0 
mole), the temperature being maintained a t  15 to 20O by means of ice. 

The diazo solution was then run slowly beneath the surface of a hot solution of 224 
g. of potassium ethyl xanthate (1.4 moles) in 650 g. of water, the reaction mixture being 
stirred vigorously and kept a t  70 to 75 to ensure complete decomposition of the inter- 
mediate diazo combination. When all the diazo was in, the temperature was raised to 
90 and maintained for a half hour. The xanthate ester was then decomposed by adding 
160 g. of solid sodium hydroxide (4 moles) and refluxing for several hours, the mixture 
being then strongly acidified with an excess of 50% sulfuric acid and further refluxed 
in the presence of zinc and benzene in order to reduce any disulfide which may have been 
formed. The crude thiohydroquinone was separated as an oil, washed with dilute 
hydrochloric acid and water, and distilled in vacua. There was obtained 61 g. of a clear 
colorless liquid, boiling a t  133-137" (11 mm.). 

(1) Cf. Miller and Read, THIS JOURNAL, 54, 4113 (1932). 
(2) I-Iilbert and J o h n s o n ,  ibid., 61, 1526 (1929). 
(3) Leuckart, J .  prakt. Chem., 121 41, 193 (1890). 
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TABLE I 
STRUCTURAL, PHYSICAL. AND ANALYTICAL DATA 

'A number of chain-substituted derivatives of hydroxyphenyl alkyl sulfides have 
becn prepared and will be described later. 

Phenol 
Posi- roeffi- M. p., Analyses, 70 S 

Side chain on phenol tion cient" 'C. B. p , O C .  Calcd. Found 

--SCHs p 8 ... 113 (6mm.) 
- -SCH~CH~~ p 10 41 153-155 (13 mm.) . . . . . .  
-SCHzCH2CHa p 36 37 150-153 (5-6 mm.) 19.6 18.93 
-SCH2CH2CHzCHa p 77 49-50 166-168 (7 mm.) 17.6 17.4 

p 120 59 / 1'15-180 (8-10 mm j 
--SCH~CH~CHZCHZCH; 164-168 ( 3 4  mm ) 

16.35 16.79 

-SCH2CsHa oa p ) <20e 104 220-225 (15 mm.) 14.8 14.79 

-SCH(CHa)z p 20 . . . 150-152 (13 mm.) 19.1 19.38 
-SCHaCH(CHs)z P 61 . . . 159-162 (10 mm.) 17.6 17.79 
-SCHZCH&H(CH~)~ 1, 30 . . . 150-152 (3 mm.) 16.35 16.44 
--SCH~CH~CHZCHS o 25 ... 110-112 (5mm)  17.6 17.91 
--SCHzCHzCH2CHs m 40 . . . 127-140 (4 mm.) 17.6 17.1 

a Phenol coefficients by the hygienic Laboratory method, 20 ", Staph. aureus. 
This product was reported by Leuckart, Ref. 3. No analysis was made, since 

its melting point checked that given in the literature. 
This product was recently reported by Moness, Braker and Christiansen [J. Am. 

Phurm. Assoc., 21, 565 (1932)], who describe it as an oil boiling a t  123-130" (2-3 mm.). 
The coefficient measured by the usual procedure was 0, i. e., a saturated solution 

was inert. 
* When these products were dissolved 1 :I000 in N/100 sodium hydroxide and fur- 

ther dilutions made with water, the values 230 and 20 were obtained. The solubility 
of the n-hexyl sulfide is apparently less than 1 :10,000 in water. 

I. p-Hydroxyphenyl Butyl Sulfide by the Thiohydroquinone Method.-Twenty 
grams of sodium hydroxide (0.5 mole) was partially dissolved in 50 g. of methyl alcohol 
and to this added a solution of 58.3 g. of thiohydroquinone (0.55 mole) in 50 g. of methyl 
alcohol. The mixture was stirred while 68 g. of n-butyl bromide (0.5 mole) was being 
added during the course of fifteen minutes. Reaction set in a t  once and proceeded 
vigorously with evolution of heat and formation of a voluminous precipitate of sodium 
bromide. The mass was refluxed for about an hour, allowed to cool and filtered. The 
filtrate was distilled to remove methyl alcohol, the residual oil washed with water, ex- 
tracted with benzene and distilled in vacuo. A major fraction of p-hydroxyphenyl 
butyl sulfide was obtained, boiling at  165-8" (7 mm.). I t  solidified on standing to a 
white crystalline mass which was recrystallized from ligroin and melted a t  49-50". 
The yield was practically theoretical. 

11. WydroxyphenyI Butyl Sulfide by the Mercaptan Method.48.5 grams of 
p-phenetidine (0.5 mole) was dissolved in an excess of 10% hydrochloric acid (1.25 
moles); the solution was cooled below 15' and diazotized by the gradual addition of 
35 g. of sodium nitrite (0.5 mole), the temperature being maintained a t  15-20' by means 
of ice. 

The diazo soIution was then run slowly beneath the surface of a hot solution of 49.5 g. 
of n-butyl mercaptan (0.55 mole) in 400 g. of 20% caustic soda, care being taken to  
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curve. Curve - . - - --, bactericidal activity of I1 may be replaced by any 
a corresponding series of p-hydroxyphenyl n-alkyl Other alkyl mereaptan to give 
oxides. The oxygen linkage is thus seen to be far the corresponding phydroxy- 
less effective than sulfur in augmenting germicidal 
activity. phenyl alkyl sulfide. Aralkyl 

halides and mercaptans may 
also be used to produce the corresponding products. 

Preliminary values for the germicidal activity of this series indicates that, 
except for a higher level of activity, the same relation holds for thioalkyl 
phenols as for alkyl phenols, namely, that the phenol coefficient increases 

stir the mixture vigorously and to maintain the temperature a t  70-75O. When all the 
diazo was in, the temperature was raised to 90 O and maintained until no further evolu- 
tion of nitrogen could be observed. The solution was then allowed to cool down to room 
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temperature and acidified with con- 
' 

centrated hydrochloric acid. A 
heavy black oil separated. The oil 
was washed with dilute hydrochloric 
acid and with water and then dis- 
tilled is vacuo, yielding an inter- 

- mediate product-p-ethoxyphenyi 
b u t y l  sulfide (b. p. 150-60° (12 
mm.)). This ether was de-ethylated 
by refluxing a t  75-85O for six hours 
with an excess (3 moles) of 20% 
hydrobromic acid in glacial acetic 
acid and the excess hydrobromic : 
acetic acid mixture was removed by 
vacuum distillation. Ester present 
in the residual oil was hydrolyzed by 
rduxing with 10% caustic soda dis- 
solved in 25% alcohol and the alco- - 
hoI distilled off, leaving in solution 
the"sodium salt of Q-hydroxyphenyl 
butyl sulfide. This solution was ex- 
tracted a number of times with ben- 
zene to remove any unchanged ether 

- and the aqueous solution acidified 
with hydrochloric acid. T h e  oil 
which separated was taken up with 
benzene, washed with water and 
distilled in vacuo. A white crystal- 
line product resulted similar in all 
0. respects to the phydroxyphenyl 

1 2 3 4 5 6 butyl sulfide obtained by the first 
Number of carbon atoms in alkyl chain. method. 

Fig. 1.-Curve -, bactericidal activity of an In the foregoing examples, 
homologous series of P-hydroxyphenyl %-alkyl the %-butyl bromide of Ex- 
sulfides. In the case of the hexyl derivative, it is 
necessary to use N/100 alkali, lnstead of water, 

ample I may be replaced by 

to bring it into solution; otherwise no activity is any other alkyl halide and the 
observed, as is indicated by the broken line of the n -bu t~ l  mereaptan of Example 
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with increase in the length of the side chain; and that the normal chain 
compound is more active than the corresponding branched chain deriva- 
tives. They differ, however, in the effect of position isomerism, as shown 
by the three isomeric hydroxyphenyl butyl sulfides. In marked contrast, 
the three isomeric butylphenols4 show no variation whatever. 

This phase of the subject will be dealt with more fully in a later paper. 

Summary 
1. A series of hydroxyphenyl alkyl sulfides has been prepared. 
2. A preliminary bactericidal study of these iiompormds has been made, 

which indicates that they are more powerful than corresponding alkyl 
phenols. 

3. The investigation of phenol alkyl sulfides is being continued in this 
Laboratory. 

(4) Read and Miller, THIS JOURNAL, 54, 1106 (1932). 

[CONTRIBUTION PROM TRE DEPARTMENT OF CHEMISTRY, STANFORD UNIVERSITY ] 

Capric Acid from the Seed Pat of the California Bay Tree 

In 1882 Stillman and O'Neillla reported the isolation of an eleven carbon 
acid, which they called "umbellulic acid," from the seed fat of the Cali- 
fornia laurel or bay tree (Urnbellularia californica). Lewkowitsch2 states 
that "umbellulic acid" is really lauric acid, but the only other reference to 
work on this fat that we have been able to find i s  a further note by Stillman 
and 0 ' ~ e i l l ' ~  stating that their previous work was in error and that they 
were dealing with a mixture of fatty acids, one of which was lauric acid. 

Because their original analyses indicated an eleven carbon acid, it  seemed likely 
to us that they were dealing with a mixture of capric and lauric acids. Accordingly a 
quantity of the seeds was collected, shelled and ground through a food chopper, and the 
fat extracted with hot carbon tetrachloride. On evaporating the solvent, the fat to the 
extent of 58.5y0 of the ground nuts was obtained, a yield almost identical with the 59% 
previously reported." The physical and chemical constants of the fat were as  follows: 
m. p. 28-30 "; saponification number, 275.1 ; unsaponifiable material, 2.1 yo; iodine num- 
ber, 5.7; acid number, 2.8. The fat showed no optical rotation in chloroform solution. 

The methyl esters of the fatty acids were prepared by alcoholysis of 530 g .  of fat 
and separated by four fractional distillations a t  a pressure of 17.5 mm. using a lagged 
30-cm. column of the Vigreux type. There were obtained two main fractions boiling 
a t  119-122" and 145-147". which weighed 133 g. (28%) and 256 g. (540/,), respectively. 
Saponification equivalents of 187 and 213 indicated that they consisted of pure methyl 
caprate and pure methyl laurate. The remainder of the material, 84 g. (ISTO), was 
almost uniformly distributed among eight other fractions distilling from below 115" to 
above 153". 

(1) (a) Stillman and O'Neill, Anz. Chem. J., 4,206 (1882): (b) ibid., 98,817 (1002). 
(2) Lewkowitsch, "Oils, Fats and Waxes," 6th ed., 1921, Vol. I, p. 158. 
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In order to get a better estimation of the relative amounts of the acids present in the 
fat, the saponification equivalents of all the fractions were determined. Assuming the 
interme

di

ate fractions to be composed solely of the pure higher and lower boiling main 
fractions, the mixed esters were found to consist of 0.9% methyl caprylate, 37.5% methyl 
caprate3 and 61.6% methyl laurate. Fractionation of a 1630-g. lot of fat gave almost 
identically the same results. 

Although the iodine value would indicate the presence of about 6% of oleic acid, 
the saponification equivalents of the highest fractions of the methyl esters gave no indi- 
cation of any acids of higher molecular weight than lauric. The presence of caprylic 
acid and absence of lower acids were shown by fractionating a t  atmospheric pressure all 
the fractions below methyl caprate from the total 2160 g. of fat. A pure methyl caprate 
fraction was isolated but no lower boiling ester. 

The three acids were positively identified by saponifying the esters and converting 
the free fatty acids into the amides. These showed no depression in melting point 
when mixed with the amides prepared from specimens of caprylic, capric and lauric 
acids obtained from coconut oil. 

Summary 
The chemical constants of the seed fat of the California bay tree have 

been determined and the composition of the free fatty acids studied by 
fractionating their methyl esters. This showed that the fat is an excellent 
source of capric acid since the free fatty acids consist of approximately 17, 
caprylic, 37% capric and 62% lauric acids. 

(3) This is by far the best source of capric acid. For other sources see Taylor and Clarke, THIS 
TOURNAI,, 49, 2829 (1927); Marvel and Hager, ibid., 46, 726 (1924); Kao and Ma, J. Chem. Soc , 2047 
(1931) 

STANFORD UNIVERSITY RECE~VED SEPTEMBER 26, 1932 
CALIPOKNIA PUBLISHED MARCH 7, 1933 

[CONTRIBUTION FROM THE SYNTHETIC ORGANIC CHEMISTRY DEPARTMENT OF THE 
EASTMAN KODAK COMPANY] 

The Preparation of Furil 
BY W. W. HARTMAN AND J. B. DICKEY 

In recent years furil dioxime has found favor as an analytical reagent. 
A new method for the preparation of furil from inexpensive materials should 
prove to be of interest. 

Furil can be prepared by the oxidation of furoin in alkaline alcoholic 
solution with oxygen,l iodine2 and nitrobenzene.' The method described 
in the Experimental Part is an application of a method for the preparation 
of benziL4 

Experimental 
Furoh.-The furoin used was prepared in slightly improved yields6 by a modifica- 

tion of the method of F i s~he r .~  In a 22-liter flask fitted with a mechanical stirrer, an 

(1) Fischer, Ber., 13, 1337 (1880); Ann.,  a l l ,  218 (1882). 
(2) Corson and McAllister, THIS JOURNAL, 61, 2822 (1929). 
(3) Nisbet, J .  Chem. Soc., 3121 (19281. 
(4) Clarke and Dreger, Org. Syn. Cdl . ,  1, 80 (1932); Fischer, Ann., a l l ,  214 (1932). 
( 6 )  The best yield reported previous to this is 25% 
(6) Fischer, Ann., a l l ,  218 (1882). 
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S-tube with dropping funnel, and an inverted Liebig condenser, were placed 8 liters 
of water, 4 kg. (41.65 moles) of freshly distilled furfural,' and 3 liters of 95% of 
ethyl alcohol. The reaction mixture was then heated to boiling and the flame was re- 
moved. When the liquid had just ceased to boil, a solution containing 200 g. (3.07 
moles) of potassium cyanide dissolved in GOO cc. of water was added with stirring as 
rapidly as the vigor of the reaction would permit. The reaction mixture boiled for 
twenty minutes (heat of reaction) and was then heated to boiling for an additional five 
minutes. The alkaline solution was made acid to litmus with glacial acetic acid and 
placed in a cool place to crystallize overnight. The resulting mass of dark-colored tarry 
crystals was filtered on a large Buchner funnel and washed with cold water followed by 
cold methyl alcohol to remove as much of the tar as possible. Then the brown-colored 
residue wa.: crystallized from methyl alcohol using 200 g. of "Norit" decolorizing carbon. 
The furil separated as light-brown needles melting a t  134-135". The yield of purified 
material is 1500 g . ,  which is 37.5%. 

Furil.-In a 1-liter round-bottomed flask fitted with a mechanical stirrer was placed 
158 g. (0.63 mole) of powdered copper sulfate (CUSOI 5H*O), 210 g. of pyridine (b. p. 
109-118") and 90 g. of water. The stirrer was started and the mixture was heated on a 
water-bath until solution was effected. To the solution was added 57.6 g. (0.3 mole) of 
furoin (m. p. 134-135"). After a short time the color of the reaction mixture changed 
from a deep blue color to a deep green with a brownish tinge. Stirring and heating were 
continued for two hours and the reaction mixtures was poured into 1 liter of cold water, 
filtered on a Biichner funnel, and washed with water until the wash water was colorless. 
The black residue was then washed with 500 cc. of cold methyl alcohol and recrystal- 
lized from methyl alcoh01,~ using 25 g. of "Norit" decolorizing carbon. Yellow needles 
were obtained melting a t  165-166'. The yield of purified material was 35.9 g., or 63%. 
A yield of 64% was obtained from a run ten times that described above. 

Summary 

An improved method for the preparation of furoin has been described. 
Furoin can be oxidized to furil by means of copper sulfate in excellent 
yields. 

ROCHESTER. NEW YORK 

(7) The furfural was distilled from a water bath under reduced pressure (20-30 mm.). 
(8) If desired, the reaction mixture can be cooled and the furil removed by filtration. The solution 

is reactivated by passing oxygen into it. 
(9) Furil can be crystallized satisfactorily from benzene. 



Ethylene-N,N '-bisbarbital, a -Dimolecular Barbital with 
Hypnotic Properties 

Structures previously synthesized containing two dialkylbarbituric acid 
groupings in the molecule are represented by the type 

HN-CO-RC-CHrCHa-CR-CO-NH 
I I I I 

OC-NH-CO OC-NH-CO 

where the two heterocycles are joined at the 5-C through an ethylene chain. 
Derivatives of this type, with R = ethyl, propyl and benzyl, were prepared 
in 19 1 1 by condensation of ethyl 1,4-dialkylbutane-l,1,4,4- tetracar- 
boxylate with urea. The substances are described as having no melting 
point up to 300°, and no mention is made of their physiological properties. 
From the fact that no synthetic hypnotics are known with melting points 
above 200°, it may be assumed that these products were physiologically 
inert. 

Another type of dimolecular barbital is possible, in which the two barbi- 
turic acid groupings are joined a t  the 1-N through an ethylene chain. 
This type is represented by the formula 

R2C-CQ-N-CH-CH-N-C@--CRs 
I I I I 

OC-NEE-CO OC-NH- CO 

and should result from condensation of ethyl diethylmalonate with ethyl- 
enediurea. More strictly considered, this type might also be regarded as a 
trialkylbarbituric acid derivative2 in which the N-alkyl of each of two 
molecules is linked together. 

Experimental 
Ethylenediurea was prepared in 1861 by Volhard* from ethylenediamine hydro- 

chloride and silver cyanate, but has not appeared in subsequent literature. The product 
used in this work was obtained in 70% yield from the diamine hydrochloride and potas- 
sium cyanate instead of the more costly silver cyanate, and readily purified by crystal- 
lization from hot water. 

Ethylene-N,Nf-bisbarbita1.-Condensation of ethylenediurea with two moles of 
ethyl diethylmalonate was effected by heating the mixture with a 10% alcoholic solution 
of sodium ethoxide for seven hours at  100-106', according to the usual procedure for 
barbituric acid synthesis. The sodium salt of the product, which separated out on cool- 
ing, was filtered and washed with alcohol. I t  dissolved readily in water and gave a 
crystalline separation of the free acid when the solution was acidified with hydrochloric 
acid. By recrystallization from alcohol the acid was obtained in slender needles, melt- 
ing a t  189'. A mixed melting point with barbital (rn p. 191') showed a depression of 
about 30 '. The yield was 75%. 

(1) German Patent 233,968 (19111. 
(2) Dox and Hjort, J .  Pharm. Ex#. Thcra#crliw, 81, 455 (1927). 
(3) Volhard, Ann., 119,349 (1861). 
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Anal. Calcd. for ClaHv,O6N4: C, 54.82; H, 6.60; N, 14.21. Found: C, 54.06; 
H, 6.50; N, 14.22. 

Ethylene-N,N1-bis(5-hexyl-5-ethylbarbituric acid).--The same procedure was fol- 
lowed, using ethyl hexylethylmalonate* in place of ethyl diethylmalonate. The sodium 
salt of the product was soluble in alcohol and did not separate on cooling the reaction 
mixture, as did the lower homolog. The alcohol was removed by evaporation, the pasty 
residue taken up in water and the free acid precipitated by addition of hydrochloric acid. 
The free acid was a colorless transparent gum which solidified to a vitreo~e mass and 
softened again on warming. I t  was readily soluble in most organic solvents, including 
petraleurn ether, but has not thus far been induced to crystallize. Since the molecule 
contains two asymmetric C-atoms, the failure of the product to crystallize may be at- 
tributed to the presence of two pairs of optical isomers. 

Anal. Calcd. for C26H4206N4: C, 61.66; H, 8.30, N, 11.07. Found: C .  60.40; 
H, 8.43; N, 11.19. 

Ethylenebis(carbethoxyurea), C2H602CNHCONHCHsCH2NHC0NHC02GH6.- 
Reaction between ethylenediurea and ethyl phenylethylmalonate. This reaction was 
expected to yield the analogous ethylene-N,N1-bisphenobarbital. Although the con- 
densation was repeatedly performed at  various reaction temperatures, the main product 
was in each instance an alkali-insoluble substance with none of the properties of a bar- 
bital. Recrystallization from a large volume of alcohol, in which the substance is diffi- 
cultly soluble, gave colorless needles melting at 219" with evolution of gas. The yield 
was 50-58%. 

Anal. Calcd. for CloHlsOaN4: C, 41.38; H, 6.21; N, 19.31. Found: C, 41.38; 
H, 6.31; N, 19.09. 

The empirical formula does not correspond to that of any possible barbital, but co- 
incides with that of ethylenebis(carbethoxyurea). The latter, being an allophanic 
ester, should react with ammonia to form the corresponding biuret, and thus establish 
its identity. 

Ethylenebisbiuret, H2NOCNHCONHCE-12CH2NHCONHCONH2.-The product 
just described was heated several hours with 25y0 ammonia in a sealed tube a t  100°. 
The crystals did not dissolve perceptibly but gradually assumed a more granular appear- 
ance. The product, which was practically insoluble in water or alcohol, was washed 
and dried. I t  melted a t  245O with evolution of gas. 

Anal. Calcd. for CeHlz04Ns: C, 31.03; H, 5.17; N, 36.21. Found: C, 30.65; 
H, 5.31; N, 35.12. 

Further proof of the identity of the CloHlsOeNd compound was obtained by pre- 
paring ethylenebis(carbethoxyurea) by a method generally applicable to the preparation 
of allophanic esters.= Ethylenediurea and alcoholic sodium ethoxide were heated six 
hours at  95-100" with an excess of ethyl carbonate. The reaction mixture was evapo- 
rated to dryness, the residue washed with water and recrystallized from a large volume 
of alcohol. The yield was 77.4% of needle-shaped crystals which melted a t  219' with 
evolution of gas, and gave no melting point depression when mixed with the C~oHlsOsNt 
product. 

The so-called "biuret reaction" for proteins and their high luolecular products of 
hydrolysis was applied to both the allophanic ester and the biuret derivative. With so- 
dium hydroxide and a trace of copper sulfate, the former gave a deep blue and the latter 
a deep pink color, although both substances are nearly insoluble. 

The formation of an allophanic ester in the condensation of a substituted malonic 
ester with a urea was quite beyond the writer's experience in the preparation of numerous 

(4) Dox, Tars JOURNAL, 46, 1709 (1924). 
(6) German Patent 427,417 (1926). 



barbituric acid derivatives. No such reaction is mentioned in the literature. Em- 
pirically it represents an exchange of carbethoxyl for hydrogen between the two reacting 
substances. A second product of the reaction should then be ethyl phenylethylacetate. 
This was isolated by ether extraction of the mother liquor and identified as the free acid 
(a-phenylbutyric) after hydrolysis. The acid melted at  42', boiled at  270-275' and 
showed molecular weight by titration 163; theoretical 164. 

A control experiment in which ethylenediurea and sodium ethoxide were heated in 
the absence of ethyl phenylethylmalonate yielded no trace of the ethyl ethylenediallo- 
phanate. Two moles of ethylenediurea might conceivably split off two ammonia to 
form a fourteen-membered cyclic biuret which might then undergo alcoholysis into the 
ethylenebis(carbethoxyurea) and ethylenediamine. The possibility of such a reaction 
having occurred seems to be excluded by the failure to obtain any trace of the allo- 
phanate when the ethyl phenylethylmalonate was omitted.6 

Physiological Action 
Tests by intraperitoneal injection of the sodium salt of ethylenebis- 

barbital in white mice showed hypnotic potency equal to about three- 
fourths that of barbital. The homologous hexyl derivative administered 
in the same way was much feebler in its action. A 2-mg. dose caused very 
noticeable drowsiness in a 20-g. mouse but no anesthesia. An increase to 
two and four times this dosage gave precisely the same e£fect as the smaller 
dose. Evidently the limiting factor here is the rate of absorption which in 
turn is limited by the insolubility of the free acid. 

Summary 
Ethylene-N,Nr-bisbarbital, the double structure consisting of two 

barbital molecules joined at the nitrogen through an ethylene chain, retains 
the hypnotic p~operties of the components. This is in contrast to a 
previously known structure where the connecting chain was attached to 
carbon instead of nitrogen. 

The homologous ethylene-N,N'-bis(5-hexyl-5-ethylbarbituric acid) is 
much feebler in physiological action than its hexylethylbarbituric acid 
components. 

Attempts to prepare the analogous ethylene-N,N1-bisphenobarbital by 
the same procedure resulted in the formation of ethylenebis(carbethoxy- 
urea)-an allophanic ester derivative identified by analysis and by con- 
version into ethylenebisbiuret-and ethyl phenylethylacetate. The re- 
action appears to be an exchange of carbethoxyl for hydrogen instead of 
the usual barbituric acid condensation. 

DETROIT, MICHIGAN RECENED OCTOBER 13, 1932 
PUBLISHED MARCH 7, 1933 

(6) An excellent paper by Cope and McElvain [THIS JOURNAL, 64, 4319 (1932)l which appeared 
shortly after the writer's manuscript had been submitted for publication, furnishes a simple explanation 
for the above reaction in which an allophanic ester is obtained instead of the expected barbituric acid. 
As shown by Cope and McElvain, ethyl ethylphenylmalonate forms an addition product with sodium 
ethoxide, and this on warming decomposes into the sodium enolate of ethyl ethylphenylacetate and 
ethyl carbonate. Thelatter would then react with the urea derivative in the presence of sodium ethoxide 
to form the corresponding allophanic ester, just as in the above synthesis performed according to the 
German patent. 
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A Study of the Cyclization of a Series of up'-Dicarbethoxy- 
diallrylnmethylamines through the Acetoacetie Ester 

Condensation 

There are numerous examples in the literature of the application of an 
internal acetoacetic ester condensation (the Dieckmann reaction) to  the 
synthesis of cyclic 8-keto esters. Dieckmannl first used this reaction for 
the synthesis of five, six and seven membered alicyclic ring structures. 
In the heterocyclic field use has been made of this reaction in the prepara- 
tion of both monocyclic and bicyclic systems containing nitrogen as the 
hetero atom.2 In this Laboratory the reaction has been applied to the 
preparation of a number of 1-alkyl-3-carbethoxy-4-piperidones from P,Pf- 
dicarbethoxydiethyla1kylamines.3 

The present paper reports an extension of this work to  a series of o,wr -  
dicarbethoxydialkylmethylamines, of the type C2H600C(CH2),N(CH3)- 
(CH2),COOC2H5, and in which both wz and n are varied from 1 to  4. It 
was the purpose of this work to prepare derivatives of 3-pyrr0lidone,~ 
the heretofore unknown 3-piperidone, and as many of the larger ring 
analogs of these cyclic amino ketones as possible. . 

Sodium ethoxide was used as a condensing agent instead of metallic 
sodium which had been used in the earlier work.3 Also three different 
conditions of reaction, vix., no solvent, benzene as a solvent, and xylene as a 
solvent, were employed with the various di-esters. It seemed likely that 
intramolecular rather that intermolecular condensation would be favored 
by dilution with an inert solvent in those cases where ring formation is 
more difficult. The alcohol generated in the condensation was removed by 
distillation as i t  was formed and its amount determined by direct weighing 
when no solvent was used, by refractive index of the distillate when benzene 
was the solvent, and by the phthalic anhydride method5 in those cases in 
which xylene was used. By this procedure a more complete reaction was 
assured and the rate, extent and type of condensation could be roughly 
determined. 

The details of the preparation of the various o,wf-dicarbethoxydialkyl- 
(1) Dieckmann, Be?., '37,102 (1894); Ann., 317? 27 (1901); Ber., 55,2488 (1922). 
(2) The following are a few of the pertinent references: (a) WillstBtter and Bommer. Ann.. 428, 

15 (1921); (b) Ruzicka and others, Helv.  Chim. Acta, 3, 816 (1920); 5,  717 (1922) (c) McElvain and 
Adams, Tars JOURNAL, 45,2738 (1923); (d) Clemo and Ramage, J. Chem. Soc.. 441 (1931). 

(3) McElvain and others, (a) Tars JOURNAL, 46, 1721 (1924); (b) 48.2179 (1926); (c) 49, 2862 
(1927); Id) 52,2692 (1931). 

(4) DeMouilipied [J. Chem. Soc., 87, 442 (1905)] reported the preparation of 1-phenyl-2 or 4 
carbethoxy-3-pyrrolidone by a similar condensation. Ruzicka and Seidel [Helv. Chim. Acta, 5. 616 
(1922) 1, however, were unable to isolate a pyrrolidone derivative from an attempted internal condensa- 
tion of 8-carbethoxyethylcarbethoxYmethylamine by means of sodium. 

(5) Snell and MeElvain, THIS JOURNAL, 68,2312 (1931). 
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methylamines are given in the experimental part of the paper. A summary 
of the reaction conditions and the results of the condensation of these esters 
with sodium ethoxide are given in Table I. Except in the case of run 7 
(see footnotef, Table I), the yield of cyclic condensation product given in 
the sixth column represents the intramolecular condensation product, 
i. e., the recrystallized hydrochloride of the cyclic amino-p-keto ester which 
was extractable by ether after the reaction mixture had been acidified with 
hydrochloric acid and then neutralized with potassium carbonate.Vhe 
reaction time in the last column of Table I shows the time necessary to 
obtain the yield of alcohol given in the fifth column. 

TABLE I 
CONDENSATION OF TIIE DI-ESTERS, CzHs00C(CH2)mN(CHs)(CHz)nCOOCsH~ BY 

SODIUM ETHOXIDE 
Yield of Un- 

Yield cyclic changed 
of condensa- ester re- Reaction 

Di-ester Reaction CaHaOH, tion covered, time, 
Run m n Solvent temp., O C . O  %b product, % % hr. 

1 2 2 None 120-130 78 62 0 0.33 
2 2 2 Benzene ..... 84 71 0 .33 
3 3 1 None 110-125 83 85 0 .33 
4 2 1 None 120-130 60 36' 0 .33 
5 2 1 Benzene . . . . . 85 70" 0 .33 
6 4 1 Benzene . . . . . Traces 0 60 20 
7 4 1 XyleneC . . . . . 100 20' 0 6 
8 1 1 ' None 120-130 55 0 0 3 
9 1 1 Benzene . . . . . 18 0 30 20 

10 4 2 Xylene" . . . . .  20 0 53 20 
11 4 2 xylened . . . . .  65 0° 0 24 
12 3 3 None 140-150 50 0 0 2 
13 3 3 Benzene . . . . . Traces 0 50 40 
14 3 3 Xylene" . . . . .  19 0 36 24 
15 3 3 xylened . . . . . 30 0 18 24 
16 4 3 Xylenec . . . . .  3 0 55 20 
17 4 3 xylened . . . . .  12 0 36 25 
18 4 4 xylened ..... 23 0 21 40 

" When a solvent was used the reaction temperature was the refluxing temperature 
of the reaction mixture. Calculated on the basis of an internal acetoacetic ester con- 
densation in which 1 mole of di-ester would produce two moles of alcohol with NaOCzHs. 
Obviously less alcohol would be produced if the condensation were intermolecuiar, 
e. g., two moles of di-ester would produce two moles of alcohol (50% of that produced by 
intramolecular condensation) if one molecule of the di-ester condensed with another. 
" In  these runs a ratio of 14 g. of di-ester to 200 cc. of xylene was used. A ratio of 
14 g. of di-ester to 60 cc. of xylene was used. " Extracted with chloroform rather than 
ether. ' This value represents the yield of the cyclic amino ketone (1-methyl-aza-1- 
cycloheptanone-3) hydrochloride rather than the yield of the cyclic amino-0-keto ester. 

A small amount of ether extractable condensation product was obtained but hydrolysis 
with 20% hydrochloric acid converted it to 6-N-methylaminovaleric acid hydrochloride. 
Obviously it was not the expected 8-membered ring compound. 

(6) The intermolecular condensation products from two or more molecules of the di-esters were not 
extractable from the water by ether. 
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Discussion of the Results 
The data obtained in runs 1 and 2 seem to justify two conclusions, 

(I) that sodium ethoxide is a more efficient condensing agent than metallic 
sodium for the formation of I-methyl-3-carbethoxy-4-piperidone (see ref. 
3a for results with sodium) and (2) dilution of the reactants with an inert 
solvent favors the intramolecular condensation. 

From run 3 it is seen that y-carbethoxypropylcarbethoxymethylmethyl- 
amine (I) condenses even more readily than the isomeric P,PJ-dicarbethoxy- 
diethylmethylamine. Theoreticafly, the former di-ester could condense to 
two different 1-methylcarbethoxy-3-piperidones (I1 and 111), both of which, 
however, would be converted by hydrolysis into 1-methyl-3-piperidone (IV). 

CHs-CH2 
I I 

CHN IICHCOOGH. 
CHzCHzCHzCOOCzHs I I CHZ-CO \ $s-$z I 

C H r N  CHsN CHz 
I 

CHzC004Hr \ CHaCHz 
I I 

I CH& &HZ IV 
I I 

As a matter of fact a good yield of only one condensation product was 
obtained and it is believed that the structure of this product is given by 
formula 11. This conclusion seems to be justified by the fact that amino 
di-esters which have the necessary structure (2 hydrogen atoms on an a- 
carbon atom) for an acetoacetic ester condensation and a t  the same time 
have an amino group attached to this a-carbon atom react very slowly, if at  
all, with sodium ethoxide or sodium in condensations involving this par- 
ticular a-carbon atom. Runs 8 and 9 with dicarbethoxydimethylmethyl- 
amine (V) illustrate this behavior. Also it has been found7 that ethyl 
(3-carbethoxypiperidino)-acetate (VI) was recovered for the most part 
unchanged after refluxing with either sodium ethoxide or metallic sodium in 
benzene, toluene, xylene or cymene solutions. Obviously the formation of 
structure (111) would involve condensation through an a-carbon atom 
wrying an amino substituent. Since the condensation took place so 
readily (85% in twenty minutes) it seems likely that the alternative 
structure (11) was formed. 

CHzCOOCH~ CH2-CHCOOCaHs 
I 

CHaN 
I I 

I 
CH2 yH2 

I 

~ H ~ C O O C Z H ~  ~H~--N-CH~COOCLH~ 
v V I  

(7) McElvain and Adams, Tara JOURNAL, 46,2746 (1923). 



The keto ester (11) was hydrolyzed readily into 1-methyl-3-piperidone 
(IV). These compounds (I1 and IV) are the first examples of a 3-piperi- 
done to  be prepared.* The 1-methyl-3-piperidone differs quite markedly 
from the isomeric 4-piperidone in that i t  is extremely easily oxidized, even 
by air, and reduces both ammoniacal silver nitrate and Fehling's solution 
immediately in the cold. In fact it shows the characteristic properties of 
an a-amino k e t ~ n e . ~  

For the reason given above it is believed that P-carbethoxyethylcarb- 
ethoxymethylmethylamine VII (runs 4 and 5) condensed to l-methyl-4- 
carbethoxy-3-pyrrolidone VIII, since only a single compound was obtained 
from the reaction. This latter compound was readily hydrolyzed to the 
corresponding pyrrolidone (IX). This compound, on account of its a- 
amino ketone structure, showed the same susceptibility to oxidation as the 
1-methyl-3-piperidone. 

CHzCHzCOOCzHa CHa-CHCOOC2Hs CHz-CH2 
I 

CHsN CHIIN + CHaN 
I 
CHzCOOCzHs 

I I l  I ' I  
CH2-CO C H p C O  

V11 VIII IX 

It should be noted that in this case dilution of the reactants with an inert 
solvent (run 5) was decidedly favorable for intramolecular condensation. 

With 6-carbethoxybutylcarbethoxymethylmethylamine (X) the time 
for the formation of a substantial yield of alcohol begins to increase. The 
hydrochloride of the condensation product which was isolated directly 
from the reaction could not be caused to crystallize. This may have been 
due to the presence of both of the possible isomeric P-keto esters, since the 
conditions and time of reaction were perhaps sufficiently strenuous and 
prolonged in run 7 to have caused some condensation on the a-carbon atom 
attached to  the amino group. Since both of these isomeric 8-keto esters 
would be converted to the same cyclic ketone, the reaction product was 
hydrolyzed and the hydrochloride of 1-methyl-aza-1-cycloheptanone-3 
(XI) isolated. This seven-membered heterocyclic ring structure is of 
interest in connection with the recent synthesis of a bicyclic analog, N- 
methyl-hom~granatonine,'~ and the suggested seven-membered nitrogen 
ring structure for lobinine.ll 

CH~CHzCHzCHaCOOCaHs C H r C H r C H z  
I 

CHsN 
1 

CHsN 
I 
CHaCOO&Hr 

I 
CHz-CO-CH1 

X XI 

(8) Clerno and ~ a r n a g e ~ ~  recently reported the preparation of a bicyclic analog of 3-piperidone. 
ethyl 1-keto-octahydropyridocoline-2-carboxylate. 

(9) Cf. Beilstein, "Handbuch der organ. Chern.," 1922, Vol. IV, pp. 314, 316. 
(10) Blount and Robinson, J .  Chcm. Soc., 1429 (1932). 
(11) Wieland, lshimasa and Koschara, Awn., 491, 14 (1931). 
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The behavior of dicarbethoxydimethylmethylamine (runs 8 and 9) has 
been referred to above. P-Carbethoxyethyl-6-carbethoxybutylmethyl- 
amine which should have produced an eight-membered ring showed very 
little reaction in dilute xylene solution (run 10) after twenty hours. How- 
ever, in more concentrated xylene solution (run 11) the higher yield oi 
alcohol suggests an intermolecular condensation. The ether extraction for 
the intramolecular condensation product yielded a small amount (about 3% 
yield calculated as the expected cyclic p-keto ester) of material which gave 
a definite coloration with ferric chloride and which was converted by 
hydrolysis with 20% hydrochloric acid into the hydrochloride of 8-N- 
methylaminovaleric acid (see footnote g, Table I). This latter product 
undoubtedly resulted from the deamination12 during hydrolysis of a small 
amount of an intermolecular condensation product which had been ex- 
tracted by the ether. To illustrate with the simplest example 

It is seen from Table I that none of the di-esters higher than 6-carb- 
ethoxybutylcarbethoxymethylmethylamine (m = 4, yz = 1) give isolable 
quantities of intramolecular condensation products. It should be pointed 
out in this connection that Littmann and Marvella obtained an eight- 
membered cyclic quaternary salt from w-bromoheptyldimethylamine. 
However, while E-aminocaproic acid is partially converted to the seven- 
membered cyclic lactam structure, r-aminoheptanoic acid gives none of the 
eight-membered cyclic lactam, but only open-chain polyamides.14 

Experimental 
Materials Used 

*Halogen Esters.-Ethyl chloroacetate was prepared by esterification of chloro- 
acetic acid. Ethyl 0-bromopropionate was prepared from ethylene cyanohydrin.16 
y-Bromobutyric acid was prepared by the hydrolysis of y-bromob~tyronitrile~~ with 
48% hydrobromic acid and esterified by the procedure described for ethyl p-bromo- 
propionate.16 The yield of ethyl y-bromobutyrate from the bromonitrile was 72% 
of the theoretical. This ester has not been described previously in the literature. I t  
boils a t  104-105" (28 mrn.); .a? 1.4539; d;: 1.3531; M, calcd., 39.33, found, 39.14. 
Anal. Calcd. for CeHllOzBr: Br, 41.00. Found: Br, 41.03. Ethyl 6-bromovalerate 
was prepared from 1-bromovaleric acid1? by the esterification procedure16 used above. 
This ester has been prepared previo~sly .~~ 

w(N-Methylamino) Esters.-Ethyl N-methylaminoacetate (sarcosine ester) 

(12) Cf. Thomas and McElvain. THIS JOURNAL, 54, 3295 (1932). 
(13) Littmann and Marvel, ibid., 62, 287 (1930). 
(14) Carothers and Berchet, ibid., 62, 5289 (1930). 
(15) "Organic Syntheses," 1923, Vol. 111, p. 61. 
(16) Derick and Hess, Tars JOURNAI., 40, 847 (1918). 
(17) Merchant, Wickert and Marvel, ibid., 49, 1828 (1927). 
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hydrochloride was prepared by the alcoholysis of methylamin~acetonitrile~~ by the pro- 
cedure described by Staudt.ls The ethyl N-methylaminoacetate hydrochloride after 
recrystallization from chloroform melted a t  126-127O.N The free amino ester, ethyl N- 
methylaminoacetate, was liberated from its hydrochloride just before i t  was used by the 
following method. A suspension of the hydrochloride in dry ether was treated with dry 
ammonia gas until all of the particles of the hydrochloride appeared to be replaced by 
the very finely divided precipitate of ammonium chloride. This precipitate was filtered 
off, suspended in a fresh portion of ether, and again treated with ammonia. After filtra- 
tion these ethereal solutions were combined and, after removal of the ether, the amino 
ester was distilled. I t  boiled a t  59-60' (25 mm.) and the recovery from the hydro- 
chloride amounted to goy0 of the theoretical. 

Ethyl 8-N-methylaminopropionate was prepared by a method previously de- 
scribed.21 This amino ester could be converted into a crystalline hydrochloride, m. p. 
59-60 O. 

Anal. Calcd. for Cd3140~NCl: C1.21.16. Found: 20.99. 
Ethyl 8-N-methyl aminovalerate was prepared in the following manner, 1- 

Methyl-2-pyridone2"as hydrogenated over nickel to 1-methyl-2-piperidone." The 
, yield of product boiling at  97-98' (11 mm.) was practically quantitative. This piperi- 

done gives a hygroscopic hydrochloride, m. p. 104-105°.$4 To 57 g. of this piperidone 
was added a solution of 40 g. of sodium hydroxide in 100 cc. of water and this solution 
refluxed for one hour. After cooling 150 cc. of concentrated hydrochloric acid was 
added and the solution evaporated to dryness under diminished pressure. The residue 
was extracted with 150 cc. of boiling absolute alcohol and the insoluble sodium chloride 
removed by filtration. To the alcoholic solution was added 300 cc. of absolute alcohol 
containing 10% dry hydrogen chloride. This solution was refluxed for eight hours 
and then evaporated to dryness under diminished pressure. To complete the esterifica- 
tion the residue was refluxed for an additional eight hours with another 400-cc. portion 
of absolute alcohol containing 6% of dry hydrogen chloride. On evaporation of this 
solution under diminished pressure a residue of ethyl 6-N-methylaminovalerate hydro- 
chloride remained which after recrystallization from ethyl acetate melted a t  108-109 '. 

Anal. Calcd. for CsHtsOtNCl: C1, 18.13. Found: C1, 18.07. 
The free amino ester was liberated from this hydrochloride in the same manner as 

described above for ethyl-N-methylaminoacetate. The ethereal solution of the free 
amino ester was freed from the ether by distillation and the higher boiliigresidue used 
directly in the subsequent experiments. Distillation of this residue of free amino ester 
caused a considerable amount of i t  to be converted into the original lactam, 1-methyl-2- 
piperidone. Also, standing a t  room temperature caused this amino ester to change into 
the lactam and alcohol. For this reason no analyses or determinations of physical prop- 
erties were made. 

w,w' - Dicarbethoxydialky1methylamines.-(3,S' - Dicarbethoxydiethylmethylamine 
was prepared from ethyl j3-bromopropionate and methylamine by a procedure pre- 

(18) Biltz and Slotta, J .  Qrakt. Chem., [21 113, 252 (1926). 
(19) Staudt, 2. physiol. Chem., 146,286 (1925). 
(20) Cf. Sigmund and 1 iedl, ib id . .  202, 268 (1931). 
(21) McElvaio. THIS JOURNAL, 46. 1726 (1924). 
(22) Decker, J. prakl. Chem., [2] 47,28,222 (18931; ibid., (21 84,219,432 (1911). This procedure 

involves the oxidation of pyridine methosulfate with potassium ferricyanide. It was found advan- 
tageous to modify this procedure at two points. First, the order of addition of reactants was reversed, 
i .  e., the ferricyanide and alkali solutions were slowly added to the solution of the pyridine methosulfate. 
Second, amyl alcohol was used to extract the pyridone instead of benzene since it was found that ben- 
zene failed to  dissolve the pyridone hydrate, a form in which considerable of the pyridone is present. 

(23) Covert, Connor and Adklns, Tms JOURNAL, 64, 1668, 1601 (1932). 
(24) Cf. Rath, Ann., 489, 113 (1931). 
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viously described.26 y,yP-Dicarbethoxydipropylmethylamine was likewise prepared 
from methylamine and ethyl 7-bromobutyrate, but it was necessary to use the following 
procedure on account of the lower reactivity26 of this bromo ester. A solution of 60 
g, (0.3 mole) of ethyl y-bromobutyrate in 50 cc. of absolute alcohol was refluxed gently 
in a 1-liter flask fitted with a reflux condenser and a dropping funnel. To  this boiling 
solution a solution of 16 g. (0.5 mole) of methylamine in 150 cc. of absolute alcohol was 
added slowly over a period of four hours. The solution was then refluaed for an addi- 
tional four hours. Then about 100 cc. of alcohol was distilled out and on cooling a crop 
of methylamine hydrobromide crystals which separated was filtered off. The remaining 
alcohol was removed under diminished pressure. The residue was treated with 50-cc 
of water and suEcient hydrochloric acid to give a distinct acid reaction to  Congo red. 
The unreacted bromo ester was then extracted with ether, after which the aqueous solu- 
tion was neutralized with potassium carbonate and the r,y'-dicarbethoxydipropyl- 
methylamine extracted with petroleum ether. After removal of this solvent under di- 
minished pressure, 6 g. of the tertiary amino ester boiling at 162-166' (14 mm.) was ob- 
tained. The aqueous layer was further extracted with chloroform and this extract 
distilled. After removal of the chloroform, 6 g. of I-methyl-2-pyrrolid0ne,~~ b. p. 
82-87' (14 mm.) and 5 g. of a fraction boiling at  115-170' (14 mm.) were obtained 
This latter fraction was dissolved in petroleum ether and shaken with several portions of 
water to remove any of the pyrrolidone. This petroleum ether extract on distillation 
yielded an additional 2 g. of y,r'-dicarbethoxydipropylmethylamine, b. p. 162-166' 
(14 mm.) The total yield was therefore 8 g. or 20% of the theoretical. 

The remainder of the w,wf-dicarbethoxydialkylmethylamines were prepared by the 
interaction of I mole of an w-halogen ester and 2 moles of an w-N-methylamino ester 
(see Table 11). The reactants were mixed and allowed to stand from four to twenty- 
four hours at  room temperature, after which time the reaction mixture was diluted with 
ether. The secondary amino ester hydrohalide which precipitated was separated from 
the ethereal solution and then the latter was distilled. In  those cases when ethyl 6-N- 
methylaminovalerate was used a considerable amount of 1-methyl-2-piperidone was 
formed in the reaction. 

All of these tertiary amino esters before use were subjected to the follow-ing general 
method of purification. After fractionation a t  the time they were prepared, they were 
allowed to stand in stoppered bottles for a month or more. During this time any halo- 
gen ester which might be present reacted with the tertiary amine and any unchanged 
secondary amino ester reacted with itself to form a lactam, a diketopiperazine, or an 
open chain condensation product. The product was then dissolved in ten times its 
volume of petroleum ether and shaken with several small portions of water in order to 
remove any of these secondary reaction products, all of which are preferentially dis- 
solved in the water layer. The petroleum ether solution was then dried over anhydrous 
sodium sulfate and, after removal of the solvent, the product was distilled. There 
was very little loss resulting from this purification process. 

Table I1 gives the data concerning the preparation, properties and analyses of these 
tertiary amino esters. 

The Condensation of w,w1-Dicarbetho~dialkpImethylamines by Sodium Ethoxide. 
I. Without a Solvent.-One mole of the di-ester and 1 mole of sodium ethoxide were 
mixed in a distilling flask fitted with a mercury-sealed stirrer and a condenser set for 
downward distillation. A tared receiver, protected by a soda lime tube, was attached to 
the condenser. With the stirrer in operation the flask was immersed in an oil-bath and 

(25) McElvain, THIS JOURNAL, 46, 1724 (1924); Bolyard, University of Wisconsin, Ph.D. Thesis, 
1928. 

(26) Cf. Wohlgemuth, Ann. Chim., 2, 314 (1914). 
(27) Tafel and Wassmuth, Bcr., 40,2836 (1907); Gansser, 2. physiol. Chem., 61, 59 (1909). 
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heated to the temperature indicated in Table I. The reaction was continued until no 
Inore alcohol distilled out. 

R-~-cH~ 
us+ Yield,' B. p., OC. MI, Analyses, N, O/c 

m n Formula m is O/o (mm.) nE Calcd. Found Calcd. Found 

" R = COOC~HS. This compound has been described previ~usly .~~ " This 
ester was prepared from methylamine and Br(CHp)8COOC2H6. The halogen ester, 
X(CH2)nCOOCzHs reacts with this secondary amino ester in the cases where the latter 
is used. " Of tertiary amino ester and based on amount of w-halogen ester used in the 
reaction. 

11, Benzene as a Solvent.-A three-necked flask of suitable size was fitted with a 
mercury seal stirrer and a Vigreaux fractionating column surrounded by a jacket. By 
filling this jacket with water the column could be used as a reflux condenser. A ther- 
mometer was inserted in the head of the column and the side arm attached to a condenser 
set for downward distillation. A solution of 3040 g. of the di-ester in 250 cc. of ben- 
zene and the theoretical amount of sodium ethoxide were then added through the third 
neck of the reaction flask. The flask was then heated in an oil-bath with the jacket of 
the column empty until the azeotropic mixture of alcohol and benzene distilled out and 
the thermometer reached the boiling point of benzene. Then water was circulated 
through the jacket for a few minutes, after which the water again was run out and the 
distillation carried out as before. This process was repeated until the distillate showed 
the refractive index of pure benzene. The amount of alcohol in the distillate was deter- 
mined from its refractive index. Most of the benzene was then removed from the resi- 
due in the reaction flask by distillation and about 120 cc. of water added, and the amino- 
p-keto ester isolated as the hydrochloride by the procedure previously de~aibed.~' 

111. Xylene as a Solvent.-The same apparatus was used as when benzene was the 
solvent except that the column was not surrounded by a jacket. The ratio of reactant 
to  solvent is given in Table I, footnotes c and d. The reaction flask was heated in an 
oil-bath sufficiently to cause gentle refiuxing from the column. Periodically the tem- 
perature of the bath was raised and the mixture of alcohol and xylene distilled out until 
the thermometer registered the boiling point of xylene. When no more alcohol came 
over the remaining xylene was removed under diminished pressure from the reaction 
mixture. The seven membered cyclic amino-8-keto ester was found to differ from its 
5 and 6 membered ring analogs in that it was extractable by ether from an aqueous solu- 
tion of its sodium derivative. Consequently the extraction for the cyclic 8-keto ester 
was made after the reaction mixture had been treated with water. When such an ex- 
traction was carried out until the ether extracts showed no coloration with femc chloride. 
treatment of the remaining aqueous solution by the usual isolation procedures" yielded 
no additional condensation product. The alcohol in the distillate was determined by 
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the phthalic anhydride m e t h ~ d . ~  The properties and analyses of the new cyclic amino-@- 
keto ester hydrochlorides isolated in the present work are given in Table 111. 

TABLE I11 
C y m e  AMINO-@-ICETO ESTER WYDROCHLORXDES 

Analyses, % 
Calcd. Found 

Compound, hydrochloride Formula M. p., "C. C H C1 C H C1 

1-Methyl-4-car- 171-173 
bethoxy-3-piperidone CsHleOaNCl (decamp.) 48.82 7.27 16.00 48.51 7.21 15.98 

1-Methyl-4-carbethoxy- 
3-pyrrolidone C&lrOaNCI 132-133 46.24 6.80 i 7 . X  45.33 6.93 17.35 

The 6-keto esters of Table I11 as well as the uncrystallizable 8-keto ester resulting 
from the intramolecular condensation of 6-carbethoxybutylcarbethoxymethylmethyl- 
amine were hydrolyzed by refluxing in dilute hydrochloric acid until the solution showed 
no coloration with ferric chloride. Evaporation of this acid solution left the hydro- 
chloride of the corresponding ketone, which was recrystallized from dry acetone. In  
certain cases the free bases were prepared from the hydrochlorides. These compounds 
are summarized in Table IV. For comparison some of the properties of the correspond- 
ing 2-pyrrolidone and the 2- and 4-piperidones are included in this table. 

Hydro- Hydrochloride 
B. p., OC. d ; ~  nss -Mn- Analyses, N, % chloride, analyses, C1, % 

m n (mm.) D Calcd. Found Calcd. Found m. p., OC. Calcd. Found 

" Low analyses in this case are probably due to solvent of crystallization, cf. Bol- 
yard and McElvain, THIS JOURNAL, 51,924 (1929). Cf. Ref. 27. " The hydrochloride 
of this ketone has been described (see ref. in footnote a), but the free ketone was not 
isolated. Cf. Ruzicka, Helo. Chim. Acta, 4, 474 (1921). yf. Ref. 24. Additional 
Anal. Calcd.: C, 51.34; H, 8.63. Found: C, 51.28; H, 8.75. 

Summary 

A series of ",a'-dicarbethoxydialkylmethylamines, C2H,OOC(CH2),- 
N(CH3)(CH2),COOC2HS, in which both m and n are varied from 1 to 4, 
have been prepared and their cyclization through an internal acetoacetic 
ester condensation under a variety of conditions has been studied. 

Derivatives of 3-pyrrolidone, 3- and 4-piperidone, and aza-l-cyclo- 
heptanone-3 have resulted from the intramolecular condensation of certain 
of these di-esters. With the other di-esters of the series the condensation, 
as judged by the amount of alcohol given off, was quite slow and incomplete 
and went to give intermolecular condensation products. 

MADISON, WISCONSIN RECEWED OCTOBER 13, 1932 
PUBLISHED MARCH 7,1933 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OP THE UNIVERSITY OF ILLINOIS] 

The Preparation and Properties of Methylene Di-n-butyl 
Disulf one 

BY R. E. STUTZ AND R. L. SHRINER 

Methylene diphenyl disulfone has been found to be easily alkylated and 
readily soluble in aqueous sodium hydroxide.' The activity of the methy- 
lene group in this compound was greater than that of a methylene group in 
1,3-diketones and appeared to be due to the fact that i t  is situated between 
two sulfonyl groups. However, the two phenyl radicals may also have 
had some activating influence. Hence, i t  was desirable to study a com- 
pound in which the phenyl radicals had been replaced by alkyl groups. 
The following chart (I) summarizes the preparation and reactions of such a 
compound, namely, rnethylene di-n-butyl disulfone. 

ox. 4 
Clf.ItSOnCHzSOsC'H9 + C;HpSCHnSC+Hp 

C~HSSOZCHN~SO~C~H~ C;H~SO~C(CH~)~SOZC~H~ CIH~SOZCB~*SO*C,H~ 

Methylene di-n-butyl disulfone (I) was found to be soluble in dilute 
sodium hydroxide solution yielding the salt (11) and upon acidification the 
original compound (I) was obtained. It was readily alkylated to the di- 
substituted product I11 which was alkali insoluble. Bromination produced 
the bromo derivative IV. The bromine in this compound liberated iodine 
from potassium iodide solution. These properties show the methylene 
group to be unusually active. Since the properties of this disulfone paral- 
lel those of methylene diphenyl disulfone it seems probable that the 
methylene group owes its reactivity to the two sulfonyl groups and that the 
other radicals attached to the sulfur atom have negligible influence. The 
properties of this disulfone constitute further experimental evidence in 
favor of the structure of sulfones and their salts previously discussed.' 

The synthetic procedure outlined in Chart I was unique in that it avoided 
the preparation of the disagreeable mercaptans. The reactionZ between 
n-butyl bromide, alcoholic sodium thiosulfate and potassium hydroxide 
proceeded smoothly to give 4447% yields of dibutyl disulfide which was 

(1) Shriner, Struck and Jorison, THIS JOURNAL, 52, 2060 (1930). 
(2) Spring and Legros, Ber., 15,1938 (1882); Price and Twiss, J. Chem. Soc., 93,1395 (1908). 



reciucetl to the sodium mercaptide by sodium and alcohol. The solution of 
the mercaptide was used directly for the reaction with methylene iodide. 

It has also been found that organic disulfides dissolved in toluene or 
xylene may be cleaved by sodiuin%r sodium--potassium alloy to the metal 
alkyl or aryl mercaptide which may be readily characterized by condensa- 
tion with 2,4-dinitro~hlorobenzene.~ The yields of metal mercaptides 
obtained by direct cleavage were lower than by reduction with sodium and - alcoho!, but either method now affords a means of preparing various types of 
mbe6 tliioethers without the necessity of working with the very disagree- 
able mercaptans. From these thioethers in turn many interesting com- 
~xwnds n:ay be made. The reactions which lead to the methylatecl sulfone 
(111) constitute a new method for the synthesis of l~omologs of sulfonal. 

Experimental 
@ 

Di-n-butyl Disdfide.-To 137 g. of n-butyl bromide and 500 cc. of alcohol in a 
2-liter three-necked flask fitted with a mercury-sealed stirrer was added 300 g. of sodium 
thiosulfate dissolved in 400 cc. of water and the mixture refluxed for one and one-half 
hours. Then 140 g. of potassium hydroxide in 300 cc. of water was added and the mix- 
ture again heated for half an hour. The disulfide separated as an oil and the alkali 
sulfate and sulfite salts precipitated. The di-n-butyl disulfide after extraction with 
ether was distilled and collected a t  120-123" under 25-30 mm. ; yield. 42 g. (47y0) of a 
slightly yellow liquid,5 b. p. 226O a t  760 inm.: d:: 0.944, n% 1.4926; MD calcd., 5.5.38; 
found, 54.90. 

Methylene Di-n-butyl Disu1fide.-To 50 g. of di-n-butyl disulfide in 800 cc. of abso- 
lute alcohol, in a 2-liter three-necked flask equipped with a mercury-sealed stirrer and 
reflux condenser, was added 40 g. of sodium. After the sodium had dissolved, 21 CC. fo 
water was added to react with the excess sodium ethylate. 

The stirrer was started and 77 g. of methylene iodide added slowly (one hour). 
The mixture was refluxed with stirring for three hours. Three 200-cc. portions of alco- 
hol were distilled from the solution and replaced with water. The product was ex- 
tracted with ether and distilled: b. p. 133-1323' at  30-35 mm. (b. p. 250' a t  760 mm.); 
yield, 44 g. (82%); di: 0.947; n2?  1.4946; MDcalcd., 59.72; found, MD, 59.26. 

Anal. Calcd. for C&z&: S, 33.35. Found: S.33.11. 
Methylene Di-n-butyl Disu1fone.-To 27.6 g. of methylene di-n-butyl disulfide in 

200 cc. of glacial acetic acid, 84 g. of chromium trioxide was added over a period of one 
and one-half hours. The flask was warmed at  first, but later the reaction proceeded 
smoothly without further heating. After the reaction had stopped the mixture was 
poured on crushed ice, filtered and purified by recrystallizing twice from water, and once 
from absolute alcohol; m. p. 95-96"; yield 4.7 g. or 13%. The product readily dis- 
solved in 5y0 aqueous sodium hydroxide and was precipitated by hydrochloric acid. 

Anal. Calcd. for C&zoO&: S.25.00. Found: S, 24.69. 
A compound described as methylene di-n-butyl disulfone with a melting point of 

182" has been previously mentioned by Whitner and Reid,6 who prepared it by oxidizing 
the disulfide with sodium dichromate and sulfuric acid or with fuming nitric acid. The 
preparation of the disulfone was repeated using the dichromate oxidation and the prod- 

(3) Lecher, Be?., 48, 524 (1915); 48,1425 (1915); 66,577 (1920). 
(4) Bost, Turner and Norton, THIS JOURNAL, 64,1985 (1932). 
(5) Hunter and Sorenson, ibid.. 64,3366 (1932). 
(6) Whitnerand Reid, ibid., 48,638 (1921). 



uct found to melt at 95-46'. An attempted oxidation by means of fuming nitric acid 
resulted in a violent reaction from which nothing could be isolated. Moreover, Stuffer7 

found the melting point of methylene di-isobutyl disulfone to be 85" and PosnerS found 
138-139" for methylene diamyl disulfone. The melting point for the di-n-butyl com- 
pound (95-96") falls between these values as would be expected. 

Bromination of Methylene Di-n-butyl Disu1fone.-To 0.2 g. of methylene di-n- 
butyl disulfone dissolved in 600 cc. of hot water was added 0.5 g. of bromine and the 
mixture warmed on the steam cone for two hours. The solution was then cooled in ice 
and the colorless needle-like crystals filtered and recrystallized from absolute alcohol; 
m. p. 80°, yield, 0.15 g. or 47y0. 

Anal. Calcd. for C8HlsO4SzBrz: Br, 38.59. Found: Br. 38.56. * 
Alkylation of Methylene Di-n-butyl Disu1fone.-To a solution of 0.15 g. of sodium 

in 100 cc. of absolute alcohol was added 0.85 g. of methylene di-n-butyl disulfone. Next 
1 cc. of methyl iodide was added and the mixture refluxed for 2.25 hours. Fifty cubic 
centimeters of alcohol was distilled from the flask and the residue poured on mshed,ice. 
The product was filtered by suction and recrystallized from ligroin; colorless seedlw; 
m, p. 6 7 4 8 O ;  mixed melting point with the original disulfone (m. p. 95-96'), 54-57"; 
yield, about 0.4 g or 40%. The product was insoluble in aqueous alkalies. 

Anal. Calcd. for C11H2r04Sz: S, 22.55. Found: S, 22.65. 
Cleavage of Di-n-butyl Disulfide.-The rupture at  the sulfur-sulfur linkage in 

disulfides may also be brought about in the following manner. 
A. With Metallic Sodium.-One and twenty-five hundredths grams of metallic 

sodium was added to 100 cc. of dry xylene contained in a 200-cc. round-bottomed 
flask equipped with a reaux condenser. Five gram.; of di-n-butyl disulfide was added 
and the mixture heated on the steam cone for twelve hours. The product waq filtered 
and washed with absolute ether. FoIlowing the method suggested by Bost, Turner and 
Norton4 the mercaptide was then converted to the 2,4-dinitrophenyl thioether, which 
was obtained as yellow needles; m. p. 66" (m, p. lit. 66"); yield 6 g. or 42%. 

B. With Sodium-Potassium Alloy.-The sodium-potassium alloy was prepared by 
adding 1.05 g. of potassium and 0.62 g. of sodium to 100 cc. of dry xylene and then heat- 
ing until alloyed. Five grams (slight excess) of di-n-butyl disulfide was then added to 
the hot liquid alloy and the mixture allowed to stand overnight. To ensure complete 
reaction with the metal, the mixture was heated for several hours on the steam cone. 
The mixed mercaptide thus formed was likewise purified and characterized as the 2.4- 
dinitrophenyl thioether, giving yellow needles; m. p. 6 6 O ,  yield 6.5 g. or 45%. 

Cleavage of Diphenyl ~isulfide 
A. With Powdered Metallic Sodium.--Five grams of diphenyl disulfide was 

treated with 1.05 g. of sodium in xylene as above. In  this case, however, the metal was 
first reduced to a powder. The reaction rate was noticeably increased; yellow needles 
of the 2,4-dinitrophenyl thioether were obtained; m. p. 121" (m. p. recorded, 121°), 
yield 5.5 g. or 44%. 

B. With Sodium-Potassium Alloy.-The alloy was prepared as above. Five 
grams of diphenyl disulfide, 0.52 g. of sodium and 88 g. of potassium gave a pgoduct which 
when treated with 2,4-dinitrochlorobenzene gave yellow needles; m. p. 121 "; yield 
g. or 60%. 

Summary 
Methylene di-n-butyl disulfone has been prepared and found to be 

soluble in aqueous alkalies, easily brominated and readily alkylated. 
(7) Stuffer, Be?., 23, 3230 (1890). 
(8) Posner, ibid., 86, 296 (1903). 



~2 

March, 1933 ALKALIES ON M&&BASIC SUGAR ACIDS 1245 

Sodium or sodium-potassium alloy cleaved alkyl and aryl disulfides to 
the metal mercaptides. 

ITRBANA, ILLINOIS RECEIVED OCTOBER 14, 1932 
PUBLISHED MARCH 7, 1933 

'The Action of Alkalies on the Monobasio stgar Acids.' I. 
Cckmersion of Gluconic to Mannonic a ~ d  of Galactonic to 

Talonic Acids by the Action of Barium Hydroxide 
BY HOWARD T. BONNETT AND FRED W. UPSON 

This paper records experiments on the action of barium hydroxide on 
era1 monobasic sugar acids. It has been found that epimerization of 

ese acids may be produced by the action of barium hydroxide and that 
the action of pyridine, quinoline and other tertiary amines is not specific 
i; this process. Thus, d-glucohic acid has been converted to d-mannonic 
acid, d-mannonic to d-gluconic, and d-galactonic to d-talonic acid. The 
mannonic and talonic acids have been isolated in the form of their y- 

kctones. 
" , The preparation of d-manno& acid by the epimerization of d-gluconic 

, ,,acid ,was discovered bpFischer2 and recently Nelson and Cretcher3 have - -. 
ilescrihd its prepaiation\-fro% ivory-nut meal. 

d-Talonic acid was p$ red from d-galactonic acid by F i~che r ,~  and T bretcher6 has recently pub *ed an improved method. 
That barium hydroxide is capable of producing epimeric change is 

of interest in connection with the general problem of the oxidation of 
sugars in alkaline solution. Thus in the oxidation of glucose by Fehling's 

- "solution6 and by the Soldaini reagent,' mannonic acid or a derivative has 
been isolated as one prodwt, m d  gluconic acid has been obtained in the 

'oxidation of mannose.* ~"l like manner d-talonic acid was found as an 
oxidation product of galactose in the work of Ander~on.~ Nefs and also 
Anderson

g 
explained the formation of the isomeric hexonic acid in the 

oxidation of a given hexose, as the result of a benzilic acid rearrangement 
.. of the 1,2-osone, formed by the oxidation of the 1,2-enediol of the hexose. 

Jensen an@ Upsonlo suggested that an alternative explanation is to be 
(1) An abstract of a part of a thesis Gesented in partial fulfilment of the requirements for the de- 

~F€Z of Doctor of Philosophy in the University of Ne~raska. 
(&-pischer, Bar., 43, 799 (1890): 
(3) ~ ~ 0 1 1  and Cretcter, Tars J O U R ~ A L ~  54, 403 (1930). 
(4) ~ k & e r ,  Ber., 44,3622,3629 (1891). 
(5) ~~e%"cher, Tars Jonnnar.. 4% 478 (1927) ; 64, 1590 (1932). 
(6) Nef, Ann., 367, 276 (1907). 
(7) Jensen and-Upson, Tars JOVRN~~L. 47, 3019 (1925). 
(8) Nef, Ann., 8@l, 281 (1907). 
(9) Anderson, Am. ~ h c m : J ,  44, 402 (1909). 

(10) Jensen and Upson, THI~JWENAL, 47,3024 (1925). 



found in the well-known Lobry de Bruyn-vat1 EkensteinL1 reaction. 
Through the action of tlie alkali a given hexose nlay be converted to its 
isomeric sugar which then undergoes direct oxidation to the corresponding 
hexonic acid. 

The experiments presented in this paper suggest a third possible mecha- 
nism. Since the Fehling's solution reactions are usually carried out a t  
temperatures of 140°, it is entirely possible that the mannonic acid re- . 
covered in the oxidatfon of glucose results, in part a t  least, from the epi- 
nierization of gluconic acid through action of,the alkali. The same-theory 
would account for the formation of gluconic acid in the oxidation of man- 
nose and of talonic acid in the oxidation of galactose. 

It is not possible with the evidence a t  hand to decide between the three 
possible mechanisms. Any one may be, or possibly all three are, involved 
in the formation of the isomeric hexonic acid in the oxidation of a given 
hexose. 

Experimental 
Preparation of 7-d-Mannonic Lactone.-282 g. of barium gluconate and 158 g. of 

barium hydroxide (Ba(OH)z.8Hz0) were dissolved in water in a one-liter round-bot- 
tomed flask with the aid of heat, and the volume made up to 1 liter. T&e flask was stop- 
pered and maintained a t  a temperature of 95-97' for one hundred and fifteen hours. - 
The hot solution was neutralized to litmus wit$@& sulfuric acid and the barium sulfstete" 
removed by filtration. The resulting solution was concenwted t o  600 cc. and ailowed 
to stand for twenty-four hours in a refrigerator. The Wrium gluconate wGch eepa- , 
rated was filtered out and washed with ice water. The mpl;Bined filtrate and washings 
was concentrated to  200 cc. and a second crop of bariu8gluconate removed in the same 
wai .  Thus there was removed 186 g. of barium g l u m a t e  or 66y0 of the original amount 
used. 

The filtrate from the second crop of barium gluconate was heated and the barium 
ion exactly removed with sulfuric acid. After removal of the barium sulfate, the filtrate 
was decolorized and concentrated under reduced pressure to  a thin sirup from a bath a t  
60". Four hundred cc. of normal butyl alcohol and some ethyl alcohol were added t o  
dissolve the sirup. A small amount of material remained uildissolved and was filtered 
out. This mixture was distilled under reduced pressure from a bath maintained a t  a 
temperature of 45-50" until i t  became faintly turbid. It was then diluted with butyl 
alcohol and warmed slightly to  a clear solution. It %as allowed to cool to room tem- 
perature, and a few milligrams of y-d-mannonic lactone added. The distillation was 
continued until approximately 60-7070 of the butyl alcohol had been removed. During 
the distillation, the mannonic lactone began to crystallize. The mixture was allowed t o  
stand a t  room temperature for twenty-four hours. The crystals were filtped, washed 
with n-butyl alcohol and dried. The yield was 30g.  (17%) of crude mannonic lactone, 
m. p. 147-149'. The lactone was recrystallized from ethyl alcohol and then from 
acetic acid for final purification; m. p. 151 O, [a]% f 51.8'. 

The time consumed in carrying out the preparation of yd-mannonic lactone from 
gluconic acid may be materially shortened if the temperature is increased. This is 
shown by the following experiment: 56.3 g. of barium gluconate and 31.5 g. of barium 
hydroxide were dissolved in hot water and diluted t o  200 cc. The mixture was placed 
in a 200-cc. round-bottomed flask having the stopper securely wired in place, and heated 

(11) Lobry de Bruyn and van Ekenstein, Rer. trav. chim., 14, 201 (1895). 
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For one hour on an oil-bath a t  140°. On removal from the bath and cooling, the mixture 
was treated as described above; 25.5 g. (45%) of barium gluconate was recovered and 
7.3 g. (20%) of y-d-mannonic lactone was obtained. 

Conversion of Mannonic to Gluconic Acid.--17.8 g. of d-mannonic lactone and 47 g. 
of barium hydroxide were dissolved in water and diluted to 200 cc. The solution was 
heated on a water-bath maintained a t  95-97' for one hundred hours. Upon removal 
from the water-bath, the solution was neutralized to litmus with 6 N sulfuric acid, and 
the barium sulfate filtered off. The solution of barium salts was concentrated under 
reduced pressure to 40 cc., inoculated with barium gluconate, and placed in the refrigera- 
tor for several days. The crystals were filtered out, washed with ice cold water, and 
dried. The barium gluconate thus obtained wcighcd 3 g., corresponding to 12% d the 
lactone originally used. 

A portion of the barium salt was used to prepare the phenylhydrazide. On re- 
crystallization from water, the phenylhydrazide melted a t  200-202°. From another 
portion of the barium salt, the brucine salt was prepared by the usual method. The 
brucine salt, dried i n  vacuo over concentrated sulfuric acid, melted a t  155-157O. and 
gave - 18.9 O. Nef12 gives d-gluconic phenylhydrazide, m. p. 200-201 O, brucine 
d-gluconate, m. p. 155-157", [a]': -18.76". 

The barium ion was exactly removed from the solution of the soluble barium salt 
with sulfuric acid, and the barium sulfate filtered out. The filtrate was distilled, using 
butyl alcohol according to the method given previously under the preparation of d- 
mannonic lactone, and thus 10.8 g. (61 %) of ?-d-mannonic lactone was recovered. 

The Preparation of 7-d-Talonic Lactone.-98 g. of d-galactonic lactone monohydrate 
and 168 g. of barium hydroxide were dissolved in hot water, diluted to 500 cc. and placed 
in a 500-cc. round-bottomed flask. The flask was stoppered, and the mixture heated 
on a water-bath maintained a t  95-97' for one hundred and fifty hours. Upon removal 
from the water-bath, the hot solution was neutralized to litmus with 6 N sulfuric acid, 
diluted to 3 liters, heated to boiling, and a hot solution of 105 g. of cadmium sulfate 
added slowly. The mixture was treated with activated charcoal and filtered while hot. 
The solution of the cadmium salt was concentrated under reduced pressure to  500 cc. 
and allowed to stand for several hours. The cadmium galactonate was filtered off, and 
the mixture further concentrated to 100 cc. and allowed to stand. A second small 
fraction of cadmium galactonate was obtained. The filtrate from the second crop of 
cadmium galactonate was treated with hydrogen sulfide, and the cadmium sulfide filtered 
out. The sulfate ion remaining in the solution was exactly removed as barium sulfate 
with barium hydroxide. The filtrate was concentrated in vacuo from a bath a t  45- 
50" until it  had reached the consistency of a thin sirup; 250 cc. of n-butyl alcohol was 
added, the mixture heated to a temperature of approximately 40 O, and sufficient ethyl 
alcohol added to dissolve the sirup. A small amount of insoluble material was filtered 
out. The alcoholic mixture was concentrated under reduced pressure in a bath a t  a 
temperature of 45-50', to  a volume of 75 cc. and allowed to stand. The gummy crys- 
tals were filtered off and recrystallized from absolute ethyl alcohol. The crystals melted 
a t  132-134" and possessed a specific rotation of -34.5" (0.4208 g. in 19.0407 g. of water 
gave a = -1.49'). The weight of purified crystals was 11.4 g. (13%). These con- 
stants agree with those given by Cretcher6 for y-d-talonic lactone. 

Further studies of the action of alkalies on sugar acids are in progress. 

Summary 

1. It has been shown that epimerization may be produced by the action 
of barium hydroxide. Gluconic acid has been converted to mannonic 

(12) Nef, Ann., 403, 305 (1914). 



acid, mannonic acid to gluconic acid and galactonic acid to talonic acid, in 
yields comparable with those obtained by the use of pyridine and quinoline. 

2. The process described furnishes perhaps the most convenient method 
for obtaining mannonic and talonic lactones. 

3. A possible mechanism has been suggested for the formation of 
isomeric hexonic acids in the alkaline oxidation of hexoses. 

LINCOLN, NEBRASKA RECEIVED OCTOBER 17, 1932 
PUBLISHED MARCH 7, 1933 

The Polymerization of Some Unsaturated Hydrocarbons. 
The Catalytic Action of Aluminum Chloride1 

The action of aluminum chloride on unsaturated hydrocarbons has not 
been studied very extensively. However, as a result of a study of the 
action of this reagent with ethylene, Stanley2 concluded that any explana- 
tion of the reaction must take into account the formation of an aluminum 
chloride-hydrocarbon complex which he has shown to lead to the formation 
of olefinic compounds. An earlier study with ethylene, propylene, iso- 
butylene, n-octene and diamyIene led Szayna3 to somewhat similar con- 
clusions. Aside from these investigations, the action of aluminum chloride 
on unsaturated hydrocarbons has received very little attention. Since 
aluminum chloride forms complexes so readily with hydrocarbons and 
certain other substances, it was decided to study the action of some of 
these complexes as polymerizing agents. The unsaturated hydrocarbons 
used in this study were acetylene, ethylene and isobutylene. 

Preparation and Purification of Materials 
Acetylene.-Tank acetylene was purified by passing it through saturated bisulfite 

solution, concentrated sulfuric acid, concentrated alkali, granular calcium chloride and 
anhydrone. 

Ethylene.-Anesthesia ethylene was used without further purification. 
1sobutylene.-Isobutylene was prepared by the dehydration of tertiary butyl alco- 

hol with aluminum oxide at  4-00', and also by treating tertiary butyl chloride with alco- 
holic potassium hydroxide. The isobutylene was washed with water, then passed 
over soda lime, solid sodium hydroxide, calcium chloride and anhydrone, and was finally 
condensed in small cylinders. 

Aluminum Chloride.-Mallinckrodt anhydrous resublimed c. P. aluminum chloride 
was used without further purification except in the cases when it was sublimed into ad- 
sorption chambers. 

(1) The work described in this paper constituted part of a thesis submitted to the graduate Faculty 
of the University of Minnesota by R.  V. Yohe, in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy, June, 1931. This paper was prepared by the junior author after the death of 
Dr. Hunter.-L. I. SMITH. (Original manuscript received June 27,1932.) 

(2) Stanley. J. Am. Concrete Inst.. 49, 349-541 (1930). 
(3) Seayna, Przemysl Chem . 13, 617-47 (1928). 
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Ethyl Ether.-Commercial ether was washed three times with saturated potassium 
permanganate solution, once with water and dried successively over calcium chloride 
and phosphorus pentoxide. It was finally distilled from phosphorus pentoxide and 
kept over sodium. 

IPimethylani1ine.-Commercial dimethylaniline was acetylated, distilled, frozen out 
and finally vacuum distilled; m. p. 2.0°, b. p. 59.5-63" a t  5 mm. 

Trimethy1amine.-A solution of pure trimethylamine hydrochloride was dropped on 
solid sodium hydroxide. The escaping gas was passed over soda lime, anhydrous barium 
oxide, metallic sodium and finally condensed with liquid air 

The Preparation of Complexes not Containing Hydrocarbons 
Ether-Aluminum Chloride Complex.-This complex was prepared by the method 

of Frankforter and Daniels 
Anal. Calcd. for A12Cb.2(CzHa)eO: Al, 13.01'. Found: Al, 13.57, 13 18, 13.01, 

13.00, 13.19. 
Aluminum Chloride-Dimethylaniline Complex (1 : I).-This was made by treating 

a quantity of aluminum chloride with a slight excess of dimethylaniline in carbon bi- 
sulfide solution. The solution turned dark green. Upon shaking, this green color 
disappeared and the solid aluminum chloride changed to orange or a dark red in color. 
When about half an equivalent of dimethylaniline had been added, a red oil, insoluble 
in carbon bisulfide, appeared. At the equivalent point the solution was a very dark red. 
Further addition of dimethylaniline caused the solution to become dark green. 

When the green solution was cooled, a dark green precipitate appeared. Repeated 
extractions of this precipitate with boiling carbon bisulfide gave a compound which crys- 
tallized in large colorless plates. These crystals were fairly soluble in boiling carbon 
bisulfide but were quite insoluble in the cold. They were very hygroscopic, turned green 
in air and were decomposed by water to give dimethylaniline. 

Anal. Calcd. for AlzCle 2CaHsN(CH8)z: Al, 10.60; N, 5.52. Found: Al, 10.53, 
10.68, 10.83, 10.77, 10.51, 10 61; N, 5.44, 5.50,5.27,5.50,5.30. 

Aluminum Chloride Dimethylaniline (2 : I).-The red oil mentioned above was 
separated from the carbon bisulfide and unchanged aluminum chloride, extracted ten 
times with ten times its volume of boiling carbon bisulfide (to remove 1:l complex), 
and then heated for fifteen minutes a t  75" under vacuum. 

Anal. Calcd. for A1~Cls.C,yHa(CHs)2: Al, 13.91; N, 3.60. Found: Al, 13.81, 
13.93, 13.99, 13.96; N, 3.49, 3.35, 3.33, 3.53. 

Experiments with Acetylene 
At room temperature there was very little reaction between acetylene and aluminum 

chloride. However, at  100' adsorption and reaction were very rapid. There were no 
liquid products. Analysis of the darkened catalyst indicated the formation of a com- 
plex of the approximate composition AICls GH2. The presence of ether vapor caused 
an immediate darkening of the catalyst and liquid products resulted. If acetylene was 
bubbled through ether and then passed over aluminum chloride an extremely exothermic 
reaction took place and liquid products were formed which were decomposed violently 
by water to give hydrogen chloride and a dark brown, cuprene-like material. The 
aluminum content of such liquid products varied between 14.07 and 14.8%. The 
formula, AlzCla (GHF,)zOGHZ requires 14 7% aluminum. 

Since the presence of ether vapor had such a marked effect upon the reaction, i t  
seemed likely that the ethyl ether-aluminum chloride complex would have a similar 
effect. However, there was no reaction whatever between acetylene and the ether- 
aluminum chloride complex a t  room temperature or at  100°. Similarly, the aluminum 

(4) Frankforter and Daniels, THIS JOURNAL, 37, 2560 (1916). 



chloride-dimethylaniline complex failed to catalyze the polymerization of acetylene at  
room temperature or a t  100". Trimethylamine completely stopped the adsorption of 
acetylene by aluminum chloride even a t  100°. 

Experiments with Ethylene 
Ethylene was adsorbed slowly by anhydrous aluminum chloride to give a very small 

amount of a deep red oil. The catalyst, however, gave up most of the adsorbed gas 
when heated. Neither heat nor ether vapor accelerated the reaction. 

There was no reaction between the ether-aluminum chloride complex or the dimethyl- 
aniline-aluminum chloride complex and ethylene, either at  room temperature or 100°. 

Experiments with Isobutylene 
Isobutylene was extremely reactive toward aluminum chloride. Liquid products 

formed immediately when the hydrocarbon was allowed to come in contact with the 
aluminum chloride. One of the products was a colorless oil; the other a dark-red viscous 
oil, insoluble in the colorless product. The colorless liquid had an average molecular 
weight of 200 and a bromine number of 10-15. The red oil was a complex with an alu- 
minum content averaging 11.5a/,, which w h e ~  again treated with isobutylene yielded 
additional colorless liquid and the aluminum content of the complex dropped to approxi- 
mately 8.75% When the treatment of the red oil with isobutylene was carried out at  
140" the resulting complex contained about 10.5% aluminum. Treatment of these red 
viscous complexes with water yielded yellow oils with molecular weights of 260-275. 

Isobutylene containing ether vapor reacted vigorously with aluminum chloride to 
form a red viscous oil with an aluminum content of 11.8-12.3%. The percentage of 
aluminum decreased to 10.3-10.45% when ether-free isobutylene was passed through 
this red viscous oil and further treatment even at  elevated temperatures failed to alter 
appreciably the aluminum content of the complex. 

The complex of dimethylaniline and aluminum chloride (1:l) failed to react with 
isobutylene at room temperature; a t  140" the color of the complex changed from very 
pale green to a cherry red, but no layer of hydrocarbons appeared and the composition 
of the complex remained unchanged. When the 2:l complex of dimethylaniline and 
aluminum chloride was treated with isobutylene there was immediate evidence of re- 
action; a colorless oily layer formed and the composition of the complex changed until 
it became inactive, at  which point it contained 10.48y0 aluminum and 2.63y0 nitrogen. 
The values calculated for the complex A ~ ~ C I ~ . C F H ~ N ( C H ~ ) ~ ~ ~ C J &  are aluminum 10.8% 
and nitrogen 2.80%. 

Discussion 
In nearly every case of complex compound formation with aluminum 

chloride, aluminum functions with a coordination number of 4. Chlorine 
is not a usual donor for a coijrdinate bond. However, i t  should be able to 
act as such since i t  has three available pairs of electrons for coordination. 
It may do so in AlzC16. Such a coordinate bond should be easily broken 
giving an "unsaturated" aluminum atom which could take up two electrons 
from a more active donor. 

A possible interpretation of the nature of the complexes formed between 
aluminum chloride and unsaturated aliphatic compounds is as follows: 
It has often been suggested that the activated olefinic bond may be repre- 
sented by the following polarized structure: )C: c< and it is quite 
conceivable that a molecule of aluminum chloridk could 'accept the "free" 
electron pair to give an activated complex in which one of the carbon 
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atoms would momentarily be three covalent. Such a complex should be 
an excellent catalyst for polymerization, for if such an activated molecule 
should come in contact with another molecule of an olefin, immediate 
conibination would result, by virtue of the highly unsaturated nature of the 
carbon atom containing only six electrons in its outer shell.5 This new 
complex of higher hydrocarbon content would still be in an activated state, 
and could therefore react with another molecule of olefin in the same 
manner as i t  combined with the first. It can be seen that a long chain of 
carbon atoms niight result from condensation of incoming olefin molecules 
with those already present in the complex. The length of these chains 
will depend on the heat of reaction, the ability of the coordinate bond to 
maintain this combination, and the possibility of ring formation. 

A complex of aluminum chloride with an electronically saturated com- 
pound which has given a pair of electrons to aluminum (such as the ether- 
aluminum chloride complex) should not react with olefins and should not 
be a catalyst for polymerization. This has experimental support since i t  
was found that this complex is not a catalyst for polymerization of acetylene 
or ethylene. However, i t  is a catalyst for the polymerization of isobuty- 
lene. This may be due to the fact that since oxonium compounds are not 
particularly stable, in certain cases an electron pair furnished by the hydro- 
carbon is more to be preferred by the aluminum chloride than that fur- 
nished by the oxygen of the ether. Isobutylene, which shows a greater 
reactivity, fler se, than either ethylene or a ~ e t y l e n e , ~ ~ ~  is apparently able to 
displace the ether in such a complex? Since nitrogen in tertiary amines 

(5) Or we may accept the opinion of Dr. Sidgwick (N. V. Sidgwick, private communication,! that 
it contains six of its own electrons and two electrons which are donated by a chlorine atom. 

(6) Lebedev. Be*., 58B, 1138 (1925). 
(7) If we accept Dr. Sidgwick's picture for the olefin-aluminum chloride complex, the combination 

with a second molecule of olefin involves the breaking of a C-CI codrdinate link and formation of a 
C-C linkage. The breaking of an Al-0 co6rdinate link and formation of an A1-C link is essentially the 
same sort of a transformation. The two processes may be represented electronically as follows. 

R R  C1 R R  R  R  
(a) R : C : C : R  . . + A:CI --, R : C : C : R O ~ R : C :  C : R  

~ 1  C1:h;l:Cl :(?i:k:Cl 
c1 .. c1 

R 
R R R R  R R R R  T. >=c 6. 

K 'R 
R : : :  + R : : :  + R : c : ~ : c : c : R  ---------+ Futther . . 

:&:h;l:Ct R R:AI:CI  addition .. .. 

R  R  R C1 R  R R  Cl R  R 
(b) R : C : C : R + R : O : ~ ~ ~ : C ~ - R : O :  + R : c : c : A ~ : c ~ o ~ R : c :  C : R  . . 

." c l  R ci ci : h;i : CI 
1 6  

Further addition 
>-c<: 1 



has a strong tendency to coordinate with unsaturated atoms (as in the 
amine oxides) the 1 : 1 complex of aluminum chloride and dimethylaniline 
should be stable in the presence of olefins and should not be a catalyst for 
the polymerization of the latter, and this was found to be the case. More 
striking yet, it was found that the introduction of trimethylamine vapor 
during adsorption runs on acetylene, ethylene and isobutylene stopped 
adsorption completely. Thus i t  seems clear that an activated olefin mole- 
cule may cause the rupture of a C-C1 coordinate link, or even of an A1-0 
coordinate link, but is unable to break the much stronger Al=N link. 

Summary 

1. A study has been made of the reaction of aluminum chloride with 
acetylene, ethylene and isobutylene. 

2.  A study has been made of the action upon acetylene, ethylene and 
isobutylene of some organic complexes of aluminum chloride. 

3. A theory of polymerization based on the electronic structures of 
aluminum chloride and olefins has been advanced. 

MINNEAPOLIS, MINNESOTA RECEIVED OCTOBER 17, 1932 
PUBLISHED MARCH 7, 1933 

The Yields of Some Organolithium Compounds by the 
Improved Procedure 

Introduction 
The valuable and elegant studies by Ziegler and Coloniusl have pointed 

the way to  the convenient preparation of organolithium compounds. 
Latterly i t  was shown that many of these compounds are readily accessible 
by the simple procedures used for the preparation of Grignard reagents, 
and in yields closely approximating those noted with organomagnesium 
cornpo~nds.~ Incidental to other studies, some of which are reported in 
the following papers, it was necessary to  prepare some new organolithium 
compounds and to determine the limits of applicability of several typical 
preparations. The results are given in the Experimental Part, and in the 
discussion of them which follows i t  will be observed that some organic 
halides which form Grignard reagents with great ease do not form any 
significant quantity of organolithium compound by the simplified pro- 
cedure. On the other hand, some halides which react very sluggishly with 
magnesium enter into prompt reaction with lithium to give excellent 
yields of organolithium compounds. 

(1) Ziegler and Colonius, Ann., 479, 135 (1930). 
( 2 )  Gilman, Zoellner and Selby, THIS JOURNAL. 84, 1967 (1932). 
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Experimental Part 
The general analytical procedure is that previously described." few alterations 

in manipulation were introduced. First, the inverted test-tube holders for the metal are 
unnecessary. I t  is sufficient to remove the coating by scraping, and then to wash with 
dry ether. Second, the cutting of lithium into many fine pieces is readily effected by 
sharp "bandage scissors" of short blade length and long handles. Thesc fine pieces 
are untarnished when the effluent inert gas (dry nitrogen) is rapid. 

The results given in Table I are those obtained under three sets of conditions. 
In the "A-ccnditions," 0.05 mole of RX compound is used, 40 drops (or 0.3-0.4 g. of the 
solid) being used to start the reaction and the remainder in 15 cc. of ether is added over 
a period of 30-35 minutes (about 4-5 drops per five seconds). The 0.76 g. (0.11 atom) 
of lithium, cut into 30-32 pieces, is added to 15 cc. of ether contained in the graduated 
reaction flask. Accordingly, the total quantity of ether used is 30 cc. or 0.3 mole. The 
mixture is stirred a t  the outset, and heat is applied externally a t  the beginning and later 
also if the heat of reaction is insufficient to cause gentle refluxing. Stirring and re- 
fluxing are continued for one hour; the diluent (either ether or benzene) is added to 
bring the solution to the 100-cc. mark; and then, after a few minutes of stirring to get a 
homogeneous solution, the flask is detached and allowed to stand for thirty minutes, 
after which time samples are removed for titration. 

The "B-conditions" are essentially those used to determine the drop in yield, when 
the halide is added at  once in 15 cc. of ether to the cut lithium, heat being applied ex- 
ternally until the reaction starts, which is usually one-half to one minute. The "C- 
conditions" differ from the "A-conditions" only in the degree of fineness of the lithium, 
the 0.76 g. being cut into 165-170 rather than 30-32 pieces. 

Halide 

% Yield under 
A-, B-, C-conditions 

A B C  

% Yield under 
A-. B-, C-conditions 

Halide A B C 

" The yield is less with methyl iodide from unsealed containers. Freshly distilled 
methyl iodide, or methyl iodide from sealed containers, is recommended. Refluxing 
for 15 or 30 or 45 minutes gives about the same yield. A yield of 82% was obtained 
under A-conditions with 0.1 atom of lithium and 0.125 mole of methyl iodide. A patent 
by Ziegler and Colonius (German patent 512,882) mentions the preparation of methyl- 
lithium from methyl chloride or bromide, using methyl iodide as a catalyst. Undoubt- 
edly the A-conditions with 10-12 molecular equivalents of ether will give yields as high 
as those described in the C-conditions with fine lithium. I t  is significant that methyl- 
lithium is stable for weeks in ether [Ziegler and Zeiser, Ann.. 485, 174 (1931)l. 

* The "drop yields" are inclined here to be erratic, and the 67.5% is a minimum 
yield. 
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" The yield is markedly decreased without stirring, dropping in some cases t o  10.5%. 
The finely cut lithium in the n-butyl bromide and methyl iodide experiments 

tends to  aggregate into a single mass. However, when this does happen i t  is apparently 
without any significant effect on the yield. 

" No experiment was made with very fine lithium. n-Laurylmagnesium bromide 
is obtainable in yields of 85.3%, and the decrease on rapid addition of lauryl bromide to 
magnesium is 11%. The average drop in yields of Grignard reagents on rapid addition 
of RBr compounds from n-butyl to  n-octyl is about 15%. 
' A reaction takes place with cyclohexyl bromide, but  no appreciable quantity of 

organolithium compound was formed. 
Occasional erratic yields with chlorobenzene may be due to varying coatings with 

lithium chloride. Orienting experiments with a mixture of chlorobenzene and bromo- 
benzene indicate that the yield of phenyl-lithium is higher than that  realized from the 
sum of the  yields when these halides are used separately. Because phenylmagnesiurn 
chloride can be obtained in excellent yields without the use of a solvent [THIS JOURNAL, 

52,3330 (1930)l i t  is possible that corresponding conditions may be useful in the reaction 
betweer, chlorobcnzene and lithium. 

T o  reduce the coating effect of lithium chloride, the lithium was added in three 
separate portions with refluxing for one hour after each addition. The yield was 51.2%. 

The  yield was 52% when a steel stirrer with knife edge was used t o  remove the 
coating partially; and with 310 pieces of lithium and refluxing for one and one-quarter 
hours, the yield was 53.5% and the solution was light yellow in color. 

The yield is 96.2% when the halide is added over one hour rather than thirty min- 
utes. However, with ten instead of six equivalents of ether the yield is 98.50/0, and this 
is due in part to the lesser precipitation of lithium bromide. Under these conditions, 
the yield being practically quantitative, there is no improvement when the halide is 
added more slowly. No experiments with intermediate quantities of ether were tried, 
and quantitative yields may possibly be obtained with a ratio of ether between six and 
ten equivalents. When more than six equivalents of ether are used i t  is recommended 
that  three be used to dilute the halide and the rest be added initially to  the lithium. 

With the fine pieces of lithium used under these conditions there is no drop in 
yield when the bromobenzene is added a t  one time. 

Addition of o-bromotoluene a t  one time, under these conditions, gives a 95% 
yield. The already high yield was not increased with ten equivalents of ether. 

Spontaneous refluxing ceased after twenty minutes, and a t  the same time the 
solution started to  deposit lithium bromide. As in other related cases, external heat 
was then applied so that gentle refluxing was maintained throughout the preparation. 

The yields under C-conditions are erratic a t  times. In  the present case one yield 
of 88% was noted. The difficulty may be due to the varying agglomeration of the finely 
cut  lithium. Check results within 2% are obtainable with the A- and B-conditions. 

With ten molecular equivalents of ether, instead of six, under A-conditions, the 
yield is 98.8y0. 

The very fine lithium is unnecessary for high yields, because 10-12 equivalents of 
ether in the A-conditions also gave a 90% yield. 

* This experiment emphasizes in a striking manner the desirability of continuous 
refluxing throughout the preparation. If external heat is applied after the spontaneous 
heat of reaction has subsided, the yield is significantly decreased even though the time 
interval is brief. This may be due t o  a partial deposition of lithium halide which is 
subsequently removed with difficulty. 

Here, also, fine lithium is unnecessary, for the yield under A-conditions with 12 
equivalents of ether is 93%, and with 14 equivalents somewhat less. 

" The effect of more ether was not studied, but  it is probable t h a t  10-12 equivalents 



of ether will give yields in excess of 80%. l'his applies also to a- aucl 8-bromonaplitha- 
lcries and p-brornodiphenyl. 

The high yield of p-dimethylan~inophenyl-lithium irrespective of the rate of addi- 
tion of halide or the fineness of the lithium suggested extra confirmation. With the 
assistance of Mr. E. B. Towne, the unused lithium was carefully assen~bled and shown to  
correspond with the high titration values. Also, derivatives like the furan analog of 
malachite green by Mr. R. H. Kirby, were prepared. 

The recent description of this preparation by Austin [THIS JOURNAL, 54, 3726 
(1032)] dir~cts attention to the difficulty of titration because of the colored solutions 
Ry titrating directly in the presence of phenolphthalein he noted that the change from 
red to preen could be observed quite satisfactorily. Tlie prcscnt resu!ts :vere cornpletetl 
tjefore the appearance of that paper. Subsequent to showing that nritfler dimethyl- 
aniline nor fi-bromodimethylaniline was separately responsible for the blue color (and 
that neither one interfered essentially with the titration values), some observations re- 
vealed that the difficulty in titratiori was due to the action of air on p-dimethylamino- 
phenyl-lithium. Accordingly, the titrations were subsequently carried out in a nitrogen 
atmosphere and the distilled water used was boiled to expel dissolved gases. When the 
air is excluded, the faint reddish tint a t  neutrality is not a source of inconvenience inas- 
much as the subsequent addition of 2-3 drops of base gives the solution a pronounced 
red color. Methyl orange is apparently unsatisfactory as an indicator. Carbonation 
of an aliquot by Mr. P. R. Van Ess gave crystal violet, but the troublesome bluish color 
is not due exclusively to carbon dioxide. 

On standing for a moderate time there was no separation in the ether solution as is 
frequently observed with or-naphthylmagnesium bromide. The organolithium com- 
pound in an ether-benzene solution has an opaque purple color [see Vesely and Stursa, 
Coll. Czechoslov. Chem. Comm., 4, 139 (1932)l. 

Reaction set in a t  once, and this is in sharp contrast with the start of reaction 
between p-bromodiphenyl and magnesium in ether. A slightly larger than usual quan- 
tity of ether was used. The solution of organolithium compound is dark blue in color. 

Discussion of Results 
Although the organolithium compounds were prepared under conditions 

closely resembling those for the synthesis of the related Grignard reagents, 
i t  is obvious that there are some marked differences between the two 
classes of organometallic compounds. Some RX compounds undergo 
more ready reaction with lithium than with magnesium. This is particu- 
larly true with compounds like chlorobenzene, p-chlorotoluene (which 
gave a 63% yield), a-~hloronaphthalene,~ pbromodiphenyl and p-bromo- 
dimeth~laniline.~ On the other hand, some compounds which undergo 
ready reaction with magnesium in ether appear, under corresponding 
conditions, to be essentially unaffected by lithium. This is particularly 
true of some polyhalogen aryl types like p-chlorobromobenzene and P- 
dibromobenzene. pBromoiodobenzene does react to give an organo- 
lithium compound, but in some orienting experiments p-diiodobenzene 
appears to be without reaction. Fortunately, these cases admirably sup- 
plement each other and so make more readily available a larger variety of 
reactive organometallic compounds. There are a t  this time insufficient 

(3) Vesely and Stursa, Coll. Ceechoslou. Chem. Comm.. 4 ,  139 (1932). 
(4) Austin, T~irs JOURNAL, 54, 3726 (1832). 



data to warrant predictions as to the types of RX compounds with rela- 
tively inert halogen which will enter into reaction. This difficulty is 
increased by the erratic behavior of some halides in their reaction with 
lithium. An illustration is the reaction with 0-bromonaphthalene. The 
P-naphthyl-lithium was not obtained recently3 in any quantity, whereas 
under optimal conditions we have prepared it in excellent yields. The 
di5culties are not due solely to impure halides, although it is quite true 
that impure halides markedly affect both the starting of reaction and the 
yield of organolithium compound, and to an extent greater than that ob- 
served with Grignard reagents. 

The general limits of usefulness of RX compounds have been defined by 
Ziegler and co-workers. However, methyl iodide is a t  least one exception 
to the rule that alkyl iodides are useless. Incidentally methyl iodide, as 
might have been predicted on the basis of anoinalous behavior of first 
members of homologous series, behaves unlike other alkyl iodides in its 
reaction with magnesium. The chief difficulty in the way of using RX 
compounds with active halogens is the Wurtz reaction1 

RLi + RI + R.R + LiI 

This reaction explains satisfactorily why alkyl chlorides are more suitable 
than alkyl bromides, and why alkyl iodides, in general, are of little value. 
A second difficulty in the way of preparing alkyl-lithium compounds in 
ether is their high reactivity in splitting ethers. The aryl-lithium com- 
pounds, in agreement with their lesser activity, cleave ethers to a decidedly 
lesser extent. Accordingly, although ether solutions of aryl-lithium com- 
pounds can be kept for some time, the alkyl-lithium compounds in ether 
must be used, in general, within a few hours. Fortunately, the alkyl-lithium 
compounds are not only quite stable in benzene, but are obtainable in better 
yields in this medium. l z2  Although alkyl- and arylmagnesium jluorides can 
be prepared, it is obvious that the reaction between fluorides and lithium 
should take place more readily, even though it be a relatively slow reaction. 

The Wurtz reaction mentioned above is hardly peculiar to alkyl halides, 
because the anomalous reaction3 between lithium and 0-bromonaphthalene 
gave di-P-naphthyl as the sole reaction product. 

With continuous refluxing, applied externally if necessary, throughout a 
preparation, a moderate or slow rate of addition of halide generally im- 
proves the yield, but as a rule the increase in yield is not noteworthy. A 
greater ratio of ether than that used in most Grignard preparations dis- 
tinctly improves the yield of many organolithiurn compounds. The yield 
is also improved with the increased fineness of the lithium. This does not 
necessarily mean that a like high yield would be realized over a longer time 
with coarser lithium, because the secondary Wurtz reaction may come into 
play to an increasing extent to use up both RLi and RX compounds. 
With very fine lithium, it appears that the rate of addition of halide is 
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inconsequential. Although lithium can be conveniently cut into many 
small pieces for small quantitative experiments, it is probable that the next 
significant advance in making organolithium compounds more accessible 
will come with a convenient procedure for the preparation of lithium dust 
or granules, possibly after the method now used for the preparation of 
fine sodium. A technique of this kind has already been used for some or- 
ganolithium' compounds,5 the molten metal being shaken under paraffin. 
To conserve lithium, the paraffin wax should be treated first with sodium, 
by dispersing it ic the wax a t  temperatures above the melting point of 
lithium, and then separate the wax, refined in this manner, from the so- 
dium, the molten globules of which should remain clear and ~n ta rn i shed .~  
The advantages of finely divided metal are not due exclusively to  more 
rapid reaction per se, but also to a relative decrease of the coating effect 
of lithium halides. 

On the basis of observations with Grignard reagents, i t  is probable that  
larger-sized runs will, in general, give improved yields and also reduce the 
relative quantity of ether. 

In  general, as with Grignard reagents, chlorides are more suitable than 
bromides, and iodides are least satisfactory. With aryl-lithium com- 
pounds, bromides are generally recommended. As yet no tertiary-organo- 
lithium compound (other than triphenylmethyl-lithium types) has been 
prepared. No alkali metal derivatives of vinyl or substituted vinyl 
radicals are known? Our 34'5, yield by acid titration of organolithium 
compound from /3-bromostyrene (C6H5CH=CHBr) is probably not an 
exception to this rule, because the product of carbonation is not cinnamic 
acid. The as yet unidentified acid may be due to the addition of lithium 
to a coupling product like 1,4-diphenylbutadiene-1,3. In  this connection we 
are of the opinion that the chief mechanism of formation of organo-lithium, 
like other organometallic  compound^,^ is one involving free radicals. 

The yield of alkyl-lithium compounds prepared in ether, decreases with 
the length of the chain. This decrease in yield, however, is greater than 
might have been predicted in view of the relatively high yields of n-lauryl- 
magnesium bromide. 

The authors are grateful to Mr. R. H. Kirby for assistance. 

Summary 
Yields have been determined of some organolithium compounds prepared 

in ether after the general procedure for the preparation of Grignard re- 
agents. Optimal conditions and general limitations are discussed. 

AMES, IOWA RECEIVED OCTOBER 22, 1932 
PUBLISHED MARCH 7, 1933 

( 5 )  Ziegler, German patent 612,882. 
(6) H. P. A. Groll, private communication; Tars JOURNAL, 52,2998 (1930). 
(7) Wooster, Chcm. Reviews, 11, [l] 21 (1932). 
(8) Gilman and Brown, Rcc. trav. chim., 60, 184 (1931). 
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[CONTRIBUTION FROM THE CHEMICAL I~ABORATORY OF IOWA STATE COLLEGE] 

The Preparation of Ketones by the Carbonation of 
Organolithium Compounds 

BY HENRY GILMAN AND PAUL R. VAN ESS 

Introduction 

Carbonation is one of the best methods for the characterization of re- 
active organometallic compounds because the acid formed by this reaction 
is, in general, readily isolated, purified and identified. However, the 
carbonation of phenyl-lithium has been reported to give only traces of 
benzoic acid,' and it has been stated that low yields of acid are observed 
in the carbonation of many Grignard reagents. Actually, the yields of 
acids from RMgX compounds, when carbonation is effected under optimal 
 condition^,^" are excellent and in many cases approach theoretical values 
based on available Grignard reagent.3 A low yield of benzoic acid from 
phenyl-lithium has been confirmed, and we have found that the poor yield 
is due to an uncommonly high yield (upward of 70%) of benzophenone. 
The carbonation of other organolithium compounds indicates that the 
reaction may be of value as a means of synthesizing some ketones. 

Fortunately, it is possible to obtain good yields of acids by carbonating 
organolithiurn compounds under special conditions. An essential factor is 
a high local concentration of carbon dioxide, and this can be realized by 
procedures already described for the carbonation of Grignard reagents: 
namely, the addition of organometallic compound to solid carbon dioxide4 

or spraying the organometallic compound into an atmosphere of carbon 
d i o ~ i d e . ~ " ~ ~  

Mechanism of Carbonations.-It is generally agreed that the following 
are the chief reactions involved in the carbonation of an RMgX compound. 

(I) RMgX + COZ --+ RCOOMgX 
(11) RC02MgX + RMgX ----t RCOR 
(111) RCOR $- RMgX -+ REOH 

At elevated temperatures and with a low concentration of carbon dioxide, 
the yield of acid is depressed and relatively large quantities of ketone and 
tertiary alcohol can be ~ b t a i n e d . * ~ # ~ ~  Obviously, steric influences can 
operate to give high yields of acid (or/and ketone) where tertiary alcohol is 
a preponderant product in the absence of steric hindrance. 

With aryl-lithium compounds, when carbon dioxide is bubbled into or 
(1) Ziegler and Colonius, Ann., 479, 135 (1930). 
(2) (a) Gilman and Parker, THIS JOURNAL, 46, 2816 (1924); (b) Gilman and St. John, Rec. trau. 

chim., 49, 1172 (1930); (c) Gilman and Harris, ibid., 60, 1052 (1931); (d) Gilrnan and Zoellner, T H I ~  
JOURNAL, 63, 1945 (1931). 

(3) The hitherto exceptional cases, allyl- and 8-styrylmagnesium bromides, have since been found 
to give satisfactory yields of acids. 

(4) (a) Bodroux, Bull. SOC. chim., 31, 24 (1904): (b) Spencer and Stokes, J. Chcm. Soc., 93, 70 
(1908). 
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over the surface of the solution, the chiel product is a ketone and prac- 
tically no tertiary alcohol is formed. This indicates that the salt, RCOOLi, 
is converted to a di-lithium salt of a dihydroxymethane and not to the 
ketone. 

(IV)  RCOOI,i + RLi --+ R-C-R 
/' .\ OLI OLi 

(V) RCOR +- RLi + R3COH 

Were the ketone formed as an intermediate, it is reasonable to suppose 
that it would react at  once with the excess of RLi compound to give a 
tertiary alcohol. Benzophenone, for example, reacts (V) immediately 
and practically quantitatively with phenyl-lithium to give triphenyl- 
carbinol. 195a 

R-C--R 
A di-magnesium salt or its equivalent (like n) may or may 

O-Mg-0 
not be an intermediate in the carbonation of organomagnesium compounds, 
depending somewhat on the relative reactivity of the particular Grignard 
reagent. Organolithium compounds are distinctly more reactive than 
organomagnesium  compound^^^^^ and this would reflect itself in a tendency 
to add simultaneously or consecutively to the two carbonyl linkages in 
carbon dioxide to give the di-lithium salt. With RMgX compounds the 
-0 metal linkage might be removed in accordance with Reaction (11) 
prior to addition of another molecule of RMgX to the available carbonyl 
group in the salt. Or the di-magnesium salt may lose magnesium oxide 
or its equivalent, more readily than the corresponding di-lithium salt 
loses lithium oxide, to give the ketone. 

If Reaction (IV) is valid it might be expected that lithium benzoate 
would react with phenyl-lithium to give a satisfactory yield of benzo- 
phenone. This finds support in the formation of benzophenone in a 70% 
yield to the apparent exclusion of triphenylcarbinol. The reaction may 
find some application in the preparation of mixed ketones inasmuch as 
lithium n-butyrate and phenyl-lithium give a 62% yield of n-butyro- 
phenone, C6H&!OCHzCHzCHa. 

I t  is reasonable to conclude that if the reaction of a salt with an organo- 
lithium compound is arrested a t  the ketone stage because of the firmness of 
attachment of the metal to oxygen, then rubidium or cesium salts might be 
expected to give yields of ketone sufficiently high to commend the method 
as one of choice for the synthesis of mixed ketones, many of which are now 
relatively inaccessible. 

(5) (a) Gilman, Zoellner and Selby, THIS JOURNAL, 54, 1957 (1932); (b) Gilman and Kirby, ibid. ,  
65, 1265 (1933). 

(6) Incidentally, it  was shown that phenyl-lithium is carbonated more rapidly, a t  about 0°, than 
phenylmagnesium bromide. These experiments were carried out quantitatively using a flowmeter 
and the color test for reactive organometallic compounds. The yield of benzoic acid from the phenyl- 
magnesium bromide experiments was 85%. 



Experimental Part 
Carbonation of Organolithium Compounds.--Carbonation of phenyl-lithium under 

ordinary conditions used with Grignard reagents,2a gave 4% benzoic acid, 70% benzo- 
phenone and no triphenylcarbinol. In the spray-method,*' when phenyl-lithium 
in ether was added dropwise slowly, the yield of benzoic acid was 37% and the yield of 
triphenylcarbinol was 8.7%. However, when phenyl-lithium was added in jets of such 
size and so spaced that the temperature was maintained a t  0 O, the corresponding yields 
were 47.5 and 8.1%, respectively. The jet-wise addition of phenyl-lithium to solid 
carbon dioxide gave 60% of benzoic acid, 15.4y0 of benzophenone and no triphenyicar- 
binol. Under corresponding conditions, phenylmagnesium bromide gave a 90% yield 
of benzoic acid. The carbonation of phenyl-lithium a t  the boiling point of ether gave 
1.6% of benzoic acid, 76% of benzophenone and no significant quantity of triphenyl- 
carbinol. 

Carbonation of p-tolyl-lithium, starting a t  O 0  and ending a t  15', gave 1% of p- 
toluic acid and 7741% of di-p-tolyl ketone. Under corresponding conditions, o-tolyl- 
lithium gave 3570 of o-toluic acid. This relatively higher yield of acid is probably due 
to steric influences 

The yield of di-n-butyl ketone obtained by carbonating an ether solution of n- 
butyl-lithium cooled by an ice-salt bath was 45-50%. The ketone was characterized 
by its semicarbazone. Carbonation of 0.09 mole of n-butyl-lithium in benzene a t  room 
temperature gave 13% of the ketone and 0.9 g. of a liquid distilling a t  102-105' (6 mm.). 
This probably is tri-n-butylcarbinol, and its formation reflects the greater reactivity of 
n-butyl- over phenyl-lithium. 

Lithium Salts and Organolithium Compounds.-A suspension of 0.136 mole of 
lithium benzoate in ether was refluxed for five and one-half hours (to disappearance of 
color test) with 0.1 mole of phenyl-lithium. The yield of benzophenone was 70% and 
no triphenylcarbinol was isolated. With an ether-benzene medium, the time was ten 
hours and the yield of ketone 68y0. 

After refluxing lithium butyrate and phenyl-lithium in ether for eight hours, a 
62% yield of n-butyrophenone was obtained. I t  was characterized by its semicarba- 
zone. 

In  an orienting experiment, 0.1 mole of n-butyl-lithium, prepared from n-butyl 
chloride in benzene in a 55% yield, was refluxed with lithium n-butyrate (with benzene 
alone as the medium) for twenty-four hours to give a 10% yield of n-propyl n-butyl ke- 
tone. Apparently, ether is a better medium for such reactions. 

Benzoyl Chloride and Phenyl-lithium.-Inasmuch as the reaction CeHsCOCl + 
CeH6MgI --+ (C6Hs)zC=0 gives benzophenone in a 68.5% yieldP7 when the Grignard 
reagent is added to the acid chloride, it  was of interest to learn whether a corresponding 
reaction with phenyl-lithium would give satisfactory yields of benzophenone. Actually, 
no benzophenone was obtained and the yield of triphenylcarbinol was 42%. The re- 
verse mode of addition (benzoyl chloride to phenylmagnesium bromide) gives a Q2% 
yield of triphenyl~arbinol.~~ I t  is probable that a study of optimal conditions like slow 
addition, marked cooling and high concentrations of benzoyl chloride will give ketones 
with organolithium compounds, but the method appears of little promise for the syn- 
thesis of ketones. 

Miscellaneous.-The addition of 0.051 mole of benzoic acid to 0.102 mole of phenyl- 
lithium in ether gave 37.2y0 of benzophenone and 14.1y0 of triphenylcarbinol. The 
formation of triphenylcarbinol in this reaction is somewhat anomalous, because a reaction 
of lithium benzoate and phenyl-lithium gave 70% of ketone and no carbinol. One ex- 
planation for the formation of carbinol turns on the possible dehydration of benzoic acid 

(7) Gilman and Mayhue, Rec. tran, chim., 61, 47 (1932). 
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by phenyl-lithium to give benzoic anhydride, which in turn should react with phenyl- 
lithium to give some "free" benzophenone, and this would react a t  once with phenyl- 
lithium to give triphenylcarbinol. 

I t  has been suggested that the following competing reactions are equally reasonable to 
account for the formation of triphenylcarbinol. 

C&IF,COZH + C ~ H I U  -+ (G&)2C<0H -+ (C~HI),CO f LiOH 
OLi 

In the latter (addition) reaction, the monolithium derivative would lose lithium hy- 
droxide to form benzophenone which in turn would give triphenylcarbinol, 

Finally, in order to determine whether organolithium compounds can be prepared 
without impairment of yield in the absence of an inert atmo~phere,~" phenyl-lithium 
was prepared both under the usual conditions for the Grignard reagent and in an inert 
atmosphere. Each solution was treated with benzophenone and the yield of triphenyl- 
carbinol from the phenyl-lithium prepared in an inert atmosphere was slightly higher 
than that obtained with no inert atmosphere. Accor

di

ngly, i t  is recommended that 
organolithium compounds be prepared in an atmosphere of nitrogen or hydrogen. Of 
course, closed containers are unnecessary.'" 

Summary 

Usual procedures for the carbonation of organolithium compcunds give 
high yields of ketone and very little acid. The formation of acids for the 
characterization of organometallic compounds is markedly improved by 
the use of solid carbon dioxide or by the gas in the spray-procedure. A 
second method for the preparation of ketones, both simple and mixed, in 
satisfactory yields from organolithium compounds involves interaction 
with salts. A mechanism of carbonation is considered. 

AMES, IOWA RECEIVED OCTOBER 22, 1932 
PUBLISHED MARCH 7. 1933 



[CONTRIBUTION FROM THE CIIEMICAI, LABORATORY OF IOWA STATE COLLEGE] 

The Mechanism of Reaction of Phenyl-Sodium and Phenyl- 
Lithium with Phenyl Isothiocyanate 
BY HENRY GILMAN AND FRITZ BREUER' 

Introduction 

Phenyl isothiocyanate has been employed rather extensively in reactions 
for the characterization of organo-alkali compounds, and the following 
mechanism is typical of those postulated for such iransforlliations. 

[HOH I 
CaHaN=C=-S f CcHaT,i + CnHbN- Cz=S CeWaN C= S (I)  

1 .  1 Ill C6H6 
I I 

H CBHS 

There is no doubt concerning the formation of thiobenzanilide (or other 
thio-anilides) as the main product of this reaction. The product, however, 
throws no light on the mechanism of reaction; and the organo-alkali 
compound might have added to the thiocarbonyl rather than to the anil 
linkage, as follows 

C6H5 
I [HOH I 

CeHSN=C=S + CeHaLi --+ CsH6N=C-S-Li - 
rearrangement 

C&H.jN=C-S--H --------+ C~HE.N-C=S (XI) 
I I I 

The latter mechanism has been established definitely with Grignard 
reagents,2a and from other studieszb i t  appears that RMgX compounds 
add to the terminal unsaturated linkage in compounds like ketenes, iso- 
cyanates and thionylamines which have terminal cumulated unsaturated 
linkages. By analogy, i t  would appear that the mechanism postulated (I) 
for organo-alkali conipounds is incorrect, and that such compounds would 
react like Grignard reagents in accordance with Reactions (11). However, 
i t  is now known that there are occasional differences in the course of 
reaction of a selected reactant with an organo-alkali and the corresponding 
organomagnesium compound. 

The mechanism of reaction has been established by treating the reaction 
mixture, prior to hydrolysis, with dimethyl sulfate in order to identify the 
nature of the metallic combination prior to  any rearrangement of an enolic 
form which might arise on hydrolysis. With Reactions (I), replacement 
of lithium on nitrogen by a methyl group should give N-methyl-thio- 
benzanilide; and, with Reactions (11), replacement of lithium on sulfur by 
a methyl group should give S-methylthiobenzanilide, as follows 

(1) Austro-American Exchange Fellow. 
(2) (a) Gilman and Kinney, T H I S  JOURNAL, 46, 493 (1024); (b) Gilman, Kirby and Kint~ey, ibid. ,  

61, 2252 (1929). 
(3) See the following paper, p. 1265. 
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-4ctually, the S-methyl-thiobenzanilide (111) was isolated with both phenyl- 
lithium and phenyl-sodium, and the oily residues on hydrolysis yielded no 
N-methylaniline--a product which should have resulted if addition took 
place a t  the anil linkage (I). Accordingly, the previously postulated 
mechanism is incorrect; addition occurs a t  the terminal thiocarbonyl 
group; and one may more confidently conclude that other terminal cumu- 
lated unsaturated conlpounds like ketenes, isocyanates and thionylamines 
undergo addition with organo-alkali compounds at the terminal unsatu- 
rated linkage, after the kind of reaction shown by Grignard reagents. 

It would be reasonable to predict that a sufficient quantity of the most 
active organo-alkali compounds (those of cesium and rubidium) would add 
to both unsaturated linkages in compounds like isothiocyanates. The 
somewhat less active organosodium and organolithium compounds undergo 
apparently a reaction further than that indicated in (11) to give triphenyl- 
carbinol and triphenylmethane. These products were not isolated in the 
smoother reaction with phenylmagnesium bromide, and they may arise 
as a consequence of the following transformations 

IHOHI 
Cd36NC(CoHs)z + HOH CsH5NHC(CoHb)3 - CGHSNHS f (CsHa)aCOH 

I (VI) 
Li 

Reaction (IV) does take place under forced conditions with phenylmag- 
nesium bromide,2b and milder conditions may be adequate with the more 
reactive organo-alkali compounds. Reaction (V) occurs with phenyl- 
lithium and probably not with phenylmagnesium b r ~ m i d e . ~  Triphenyl- 
methylaniline (IV) is known to hydrolyze to aniline and triphenylcarbinol, 
and triphenylcarbinol is convertible to triphenylmethane. 

An objection to the sequence of reactions (IV ---+ V --t VI) is the 
absence of methylaniline which might have been expected when the reaction 
mixture is treated with dimethyl sulfate prior to hydrolysis. Two expla- 
nations suggest themselves. Either the steric hindrance associated with 
the accumulation of a maximum number of phenyl groups effectually 
blocked reaction with dimethyl sulfate, or dimethyl sulfate might have 
reacted anomalously. The only abnormal reactions now known have been 
observed with some furan-Grignard reagents where dimethyl sulfate 
replaces an -MgX group by hydrogen. 
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Experimental Part 
Phenyl Isothiocyanate and Phenyl-lithium.-From 6.75 g. (0.05 mole) of phenyl 

isothiocyanate, 0.07 mole of phenyl-lithium and 0.09 mole of dimethyl sulfate there was 
obtained 3.29 g. or a 30% yield of S-methyl-thiobenzanilide which was identified by the 
method of mixed melting points. Hydrolysis of the oil yielded aniline, and this was 
characterized by the preparation of acetanilide. In another experiment, wherein the 
hydrolysate was allowed to stand for a longer time, there was isolated some triphenyl- 
carbinol in addition to a 13% yield of S-methyl-thiobenzanilide. Here also the oils 
gave aniline, but no methylaniline, on hydrolysis. Undoubtedly, the greater quantity 
of oil observed in the reaction products from both phenyl-lithium and phenyl-sodium 
is due not only to secondary reactions growing out of the greater reactivities of organo- 
alkali compounds when compared with the related Grignard reagents, but also to some 
polymerization of the phenyl isothiocyanate. Unlike the corresponding reaction with 
phenylmagnesium bromide, the oily reaction product is relatively intractable and a more 
laborious procedure for resolution into solids is necessary. 

Phenyl Isothiocyanate and Phenyl-sodium,--In this reaction, uclike that with 
phenyl-lithium, all reactions were carried out in anhydrous, air-free benzene. Ether 
cannot be used conveniently as a medium because it is readily cleaved by phenyl-so- 
dium. The phenyl-sodium suspension (0.1 mole in 200 cc. of benzene) was added in 
three portions to 0.15 mole of phenyl isothiocyanate. Reaction was slow, as indicated 
by the color test, and the mixture was stirred and refluxed for several hours. It was 
then allowed to stand overnight under the nitrogen atmosphere used throughout. 

Prior to the addition of dimethyl sulfate, an aliquot was removed and on hydrolysis 
it yielded the expected thiobenzanilide. The same product was obtained in a reaction 
between phenyl-lithium and phenyl isothiocyanate. 

The original reaction mixture (containing a green flocculent precipitate in a clear, 
brown solution) was treated with 0.12 mole of dimethyl sulfate in 15 cc. of benzene. 
Part of the precipitate dissolved, and after refluxing for seven hours the solution as- 
sumed a reddish color. Subsequent to hydrolysis, the highly complex mixture was care- 
fully worked up by combination processes of extraction with solvents, crystallization and 
distillation. The products identified were S-methyl-thiobenzanilide (a 27% yield based 
on phenyl isothiocyanate) and thiobenzanilide. 

In a second experiment, carried out a t  a lower temperature (about 4-5") an ali- 
quot again gave some thiobenzanilide. Then, because a color test showed unused or- 
ganometallic compound, after adding the dimethyl sulfate, the mixture was refluxed for 
thirty minutes. As indicative of the slow reaction due to poor contact of the reactants, 
it  should be stated that an aliquot prior to the addition of dimethyl sulfate yielded 
some phenyl isothiocyanate. The products isolated were triphenylmethane, triphenyl- 
carbinol (by crystallographic examination under the microscope), and sulfur. 

Summary 

Phenyl-lithium and phenyl-sodium react with phenyl isothiocyanate to 
give thiobenzanilide as a consequence of addition to the thiocarbonyl 
group, and not to the anil linkage as has been hitherto postulated in this 
widely used reaction for the characterization of organo-alkali compounds. 
The reaction is more complicated than that observed with phenylmag- 
nesium halides, but the essential mechanisms are alike. 
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The Relative Reactivities of Organolithium and 
Organomagnesium Compounds 

Introduction 

The color test for reactive organometallic compounds provides a means 
for measuring the relative reactivities of such compounds. It has been 
used for determining the reaction rates of various Grignard reagents with 
selected  reactant^^"^^.^ and for distinguishing between RMgX and RzMg 
compounds.ld The present work, a continuation of studies on the relative 
reactivities of organometallic compounds, compares n-butyl- and phenyl- 
lithium with n-butyl- and phenylmagnesium bromides. On the basis of a 
series of typical reactants, there is no doubt concerning the greater reaction 
velocities of organolithium compounds. It has been shown recently that 
organolithium compounds react more rapidly than RMgX compounds 
with secondary amines2 Where comparisons can be made from the pres- 
ent results it is generally true that n-butyl-lithium undergoes more ready 
reaction than phenyl-lithium. This also is in agreement with observations 
like the more rapid addition of n-butyl-lithium, when compared with 
phenyl-lithium, to l,l-diphenylethylene.3 It would be ill-advised, in 
view of related studies with organomagnesium halides, to make sweeping 
generalizations to the effect that all organolithium compounds are more 
reactive than the corresponding Grignard reagents, and that all alkyl- 
lithium compounds react more rapidly than aryl-lithium compounds. 

It may be held that i t  is unwarranted to draw conclusions on the relative 
reactivities of organolithium and organomagnesium compounds when the 
types studied are different. Thai. is, a comparison of phenyl-lithium with 
diphenylmagnesium might properly be considered more fair than a com- 
parison of phenyl-lithium with phenylmagnesium bromide. However, 
the present available evidence shows that RMgX compounds react more 
rapidly than the corresponding R2Mg It now appears 
generally true that the following is the order of decreasing activity of some 
highly active organometallic compounds: Cs, Rb, K, Na, Li, Mg. 

Compounds which React with Organolithium but Not with Organo- 
magnesium Types.-There are occasional functional groups which un- 
dergo reaction with organolithium compounds but not with the Grignard 
reagent. The outstanding illustration is the olefinic linkage in some hydro- 
carbons. It has been rather thoroughly demonstrated that the Grignard 

(1) (a) Gilman and Pickens, Tars JOURNAL, 47. 2406 (1925); (b) Gilman, Heck and St. John, 
Rec. tra8. chim., 49,212 (1930); (c) Gilman and St. John, i b id . ,  49,222 (1930); (d) Gilman and Brown, 
Tars JOURNAL, 62, 1181 (1930); (e) Bachmann, ib id . ,  62, 4412 (1930). 

(2) Ziegler and Ohlinger, Ann.,  495, 84 (1932). 
(3) Ziegler and Colonius. ib id . ,  479, 135 (1930). 
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reagent does not add, in the numerous cases so far investigated, to a simple 
olefinic linkage. Admittedly, the apparent absence of reaction may 
merely be a limiting case of an extremely slow reaction. 

Actually, the only important functional groups or linkages which do not 
undergo reaction with RMgX compounds are the olefinic and acetylenic 
(disubstituted) linkages. Practically all other functional groups enter into 
reaction with Grignard reagents. However, occasional members of a given 
series appear not to react with organomagnesium halides. The present 
striking illustrations are nitriles. p-Dimethylaminobenzonitrile has been 
recovered unchanged after attempted reaction with ethylmagnesium iodide 
and phenylmagnesium b r~mide ;~  and 9-methoxybenzonitrile was observed 
not to undergo reaction with Grignard reagents under conditions that 
induced reaction with benz~nitrile.~ We have shown that each of these 
ketones reacts quite pronlptly with both methyi- and phenyl-lithium to 
give the normal and expected ketonic products. 

Different Types of Reaction of Organolithium and Organomagnesium 
Compounds with a Selected Reactant.-Partly because of the different 
reactivities of organolithium and organomagnesium compounds it might be 
expected that some compounds, especially those with poly-functional 
groups, will undergo distinctive and different reactions with corresponding 
members of these organometallic types. Reactions of this kind have been 
observed, and are now reported, with benzophenone-anil [(CsH5)2C= 
NCsH51. 

Benzophenone-anil reacts decidedly slowly, if a t  all, when refluxed with 
phenylmagnesium bromide in ether.6 However, when the ether is largely 
replaced by toluene and the mixture refluxed for ten hours a t  90-105", a 
highly unusual reaction takes place leading to the formation of o-phenyl- 
benzohydrylaniline. 

This secondary amine owes its formation to the unique 1,4-addition to a 
conjugated system which is partly lateral and partly nuclear. Apparently, 
the forced conditions of reaction are necessary to overcome steric hindrance 

inasmuch as benzal-aniline [ c J I & H = N C ) ]  undergoes addition with 

phenylmagnesium bromide to the anil linkage to give benzohydrylaniline. 
(4) Sachs and Sachs, Bdr., 37, 3089 (1904). 
( 5 )  Angeli, Afli. occad. Lincei, t61 3, 450 (1926) [Ckem. Abstracts, 20, 2843 (1926)l. See also 

Angeli, "Sammlung chemischer nnd chemisch-technischer VortrLge," 28-29, 30 (1924-27). 
(6) Gilman, Kirby and Kinney, THIS JOURNAL, 61, 2252 (1929). 
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A similar reaction involving 1,4-addition to a nuclear-lateral conjugated 
system has been observed with highly phenylated ketones7 

Phenyl-lithium does react with benzophenone-anil in ether and the 
product obtained is triphenylmethylaniline. 

(CeH6)2C==NCeH6 + CeHsLi -4 (CBH~)SCNHC~M~ (11) 

This simple addition to the anil linkage in benzophenone-anil has not so far 
been observed with phenylmagnesium bromide. Furthermore, when the 
reaction is forced by refluxing an ether-toluene mixture of the anil with 
phenyl-litl~ium, the reaction mixture yields tripheaylmethylani!ine. So 
far none of the o-phenylbenzohydrylaniline (I) has been isolated. 

It appears reasonable to attribute the different reactions with phenyl- 
magnesium bromide to steric influences, not alone of the benzophenone-anil 
but also of the Grignard reagent. For example, the Grignard reagent is an 
equilibrium mixture containing, in part,8 the following components. 

2CsHbMgBr zz? (C)6H6)2Mg 4- MgBrz (111) 

If diphenylmagnesium is the more effective reactant with the anil, then i t  
might be expected that its greater molecular volume, when compared with 
the simpler phenyl-lithium, would significantly increase the already marked 
steric effects of the phenyl groups accumulated about the anil linkage in 
benzophenone-anil. This remains to be determined with related com- 
pounds. For the present, it  may serve as a working basis to interpret 
different reactions of these, and other, organometallic compounds in re- 
actions with compounds like naphthalic anh~dride.~ This would hardly 
serve as a sole explanation, for we are undoubtedly concerned with essential 
differences in reactivity independent of steric effects. 

Just prior to the receipt of proof, an article [Bergmann and Rosenthal, 
3. prakt. Chern., 135, 267 (1932)] appeared describing the formation of o- 
phenylbenzohydrylaniline from the interaction of benzophenone-anil and 
phenyl-lithium. It is quite probable that their product (m. p. 144O) was 
triphenylmethylaniline (m. p. 147') and not o-phenylbenzohydrylaniline 
(m. p. 144'). The hydrochloride obtained by them melted a t  186O, 
whereas the hydrochloride of o-phenylbenzohydrylaniline6 melts a t  182.5'. 
The mistaken identity is somewhat understandable in view of the related 
melting points. 

Experimental Part 
The general procedures were those employed previously with Grignard reaction 

rate studies.lb.' All reactions were effected in a nitrogen atmosphere, and during re- 
fluxing the solutions were maintained under a slight positive pressure exerted by nitro- 

(7) Kohler and Nygaard, Tars JOURNAL, 63, 4128 (1930). See also KohIer and Baltzly, ibid., 
64, 4016 (1932). 

(8) Gilman and Fathergill, ibid. ,  61, 3149 (1929). 
(9) Wittig, Leo and Wiemer, Ber., 64, 2405 (1931). Forotherillustrations of different reactions 

see Ziegler and Zeiser, ibid., 63B, 1847 (1930); Ann., 485, 174 (1931); Bergmann, Blum-Bergmann and 
van Christiani, ibid.. 488, 80 (1930). 



gen and controlled by a mercury trap. The ether used throughout the experiments 
was freshly distilled under anhydrous conditions from a solution of phenylmagnesium 
bromide. A 10yo excess of reactant was used. The times were recorded when one- 
half of the organometallic compound had been added (in some cases the addition cannot 
be made rapidly because of the violent refluxing of the ether) and to a negative color 
testlo with a 10-cc. portion of the reaction mixture. 

In  experiments with n-butyl-lithium, 20 cc. of 1 N solution (0.02 mole) was added 
to the reactant in 90 cc. of ether. In all other cases 15 cc. of a 1.33 N solution of organo- 
metallic compound was added to the reactant in 95 cc. of ether. The effect of concen- 
tration on reaction velocities has been examined,'' and the slight change in concentra- 
tion during the addition of n-butyl-lithium is not significant because an immediate re- 
action was observed with this compound. Inasmuch as n-butyl-lithium reacts with ether 
a t  a moderate rate, it was used directly after its preparation. Apropos of the stability of 
n-butyl-lithium, it is interesting to note that in a blank qualitative experiment, 0.02 
mole in 110 cc. of ether was refluxed for four hours, then allowed to stand for fifteen hours 
and finally refluxed for eight hours to yield a solution such that one cc. gave a strong 
colcr test. After setting aside this solution for three weeks a 1-cc. sample gave a nega- 
tive color test, but a 10-cc. sample gave a fairly strong color test. At the end of four 
weeks, a 10-cc. sample gave a negative test. 

Earlier rate studies with some RMgX compounds were confirmed. The present 
results, given in Table I, were obtained with different concentrations than those used 
previously. Preliminary experiments having shown the marked differences in reaction 
velocities, the fist samples were generally removed after an elapsed time of four minutes. 
The maximum times given with the less reactive RMgX compounds as 8+ hours means 
simply that the time required for complete reaction is in excess of eight hours and not 
necessarily between eight and nine hours. 

Miscellaneous Rate Observations-In order to determine the effect of long- 
chained organometallic compounds on relative reactivities, n-lauryl-lithium (n-Clz- 
H26Li)1bas compared with n-laurylmagnesium bromide in reactions with benzonitrile. 
After refluxing a solution of 0.03 mole of n-lauryl-lithium with 0.033 mole of benzonitrile 
in a total ether volume of 220 cc. for four minutes, a negative color test was observed. 
Under corresponding conditions, n-laurylmagnesium bromide gave a strong positive 
test after refluxing for three hours. In  both cases the solutions were clear yellow in 
color and free of precipitate. Accordingly, the length of the carbon chain is without 
essential influence on the relative rates of reaction of the two types of compounds. 

Nitrobenzene and benzophenone are known to react promptly with phenylmag- 
nesium bromide. They react at  once with phenyl-lithium, the former giving a black 
reaction mixture and the latter a white precipitate. n-Butylmagnesium bromide re- 
acts a t  once with ethyl cinnamate in a (0.02:0.011) ratio, and at  once with nitro-p- 
xylene in a (0.02:0.0067) ratio. 

The only anomalous compound so far encountered is n-valeronitrile. With 0.022 
mole of this nitrile and 0.02 mole of either phenylmagnesium bromide or phenyl-lithium 
the time is 6+ hours. However, with 0.044 mole of the nitrile and 0.02 mole of either 
phenylmagnesium bromide or phenyl-lithium the time is eight minutes. The absence 
of significant time differences with essentially equimolecular proportions of reactants 
warrants a further study of nitriles. 

Reaction between Nitriles and Organolithium Compounds.-To 3.21 g. (0.022 
mole) of p-dimethylaminobenzonitrile in 56.5 cc. of ether was added 0.02 mole of methyl- 
lithium in 53.5 cc. of ether. The color test a t  the end of four minutes was negative. 

(10) THIS JOURNAL, 47, 2002 (1925). 
(11) The authors are grateful to Mr. E. A. Zoellner for this organolithium compound and for other 

assistance. 
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The excess nitrile was then removed by the addition of 0.004 mole of methyl-lithium 
The yield of p-dimethylaminoacetophenone was 45%. A corresponding reaction be- 
tween 0.011 mole of p-dimethylaminobenzonitrile and phenyl-lithium also took place 
promptly (no color test in four minutes), to yield 56% of p-dimethylaminobenzophenone. 
Identification of this ketone was supplemented by the preparation of its oxime. 

To 2.93 g. (0.022 mole) of p-methoxybenzonitrile in 56.5 cc. of ether was added 
0.02 mole of methyl-lithium in 53.5 cc. of ether, and a negative color test was observed 
after four minutes. The yield of P-methoxyacetophenone was 75%. In  a corresponding 
reaction with 2.93 g. (0.022 mole) of p-methoxybenzonitrile in 90 cc. of ether and 0.02 
mole of phenyl-lithium, the negative color test was observed a t  the end of thirty min- 
utes; the yield of p-methoxybenzophenone was 85%; and characterization was com- 
pleted by the preparation of the oxime. 

Benzophenone-anil and Phenyl-lithium.-To 25.7 g. (0.1 mole) of benzophenonc- 
anil in 120 cc. of ether was added 0.1 mole of phenyl-lithium in 80 cc. of ether. The 
greenish-black reaction mixture was refluxed for six hours, and then worked up in a cus- 
tomary manner to yield 71% of triphenylmethylaniline which was identified by the 
method of mixed melting points. In another experiment, the product obtained by re- 
fluxing 0.45 mole of benzophenone-anil with 0.05 mole of phenyl-lithium in an ether- 
toluene mixture for one hour a t  95' was triphenylmethylaniline in a 68% yield. The 
reactants in this latter experiment were mixed a t  about 95 ". 

The authors gratefully acknowledge a grant from the Cyrus M. Warren 
Fund of the American Academy of Arts and Sciences for assistance in this 
study. 

Summary 

1. A study of the relative reactivities of organolithium and organo- 
magnesium compounds shows that the former undergo more rapid reaction 
with a selected number of typical reactants. Also, n-butyl-lithium is more 
reactive than phenyl-lithium. 

2. Some compounds, like p-dimethylaminobenzonitrile and p-methoxy- 
benzonitrile, which do not react with the Grignard reagent, undergo prompt 
reaction with methyl- and phenyl-lithium to give the expected products. 

3. The unusual 1,4-addition of phenylmagnesium bromide to the 
lateral-nuclear conjugated system in benzophenone-anil is not shown by 
phenyl-lithium which adds normally to the anil linkage, both under mild 
and forced conditions, to give triphenylmethylaniline. An explanation 
based, in part, on the different molecular volumes of the two organo- 
metallic compounds is proposed to account for the differences in behavior 
with sterically hindered functional groups. 

AMES, IOWA RECEIVED OCTOBER 22, 1932 
PUBLISHED MARCH 7, 1933 
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The Nitration of Para-Cresol and of Para-Cresyl Carbonate 
in the Presence of Sulfuric Acid1 

BY HOWARD J. LUCAS AND YUN-PU L1u2 

The addition of sulfuric acid during the nitration of some aromatic 
cotllpo~~nds is known to influence the ratio of meta to ortho-para substitu- 
tion. This is especially true of aromatic anlines such 2s aniline, of which 
tlie ortho-para directing NH2 group is converted, by salt formation, into 
the meta directing NHQ group. An explanation has been advanced3 for 
this behavior on two grounds, viz., (I) the addition of the proton to the lone 
electron pair of the nitrogen atom greatly increases the electron attraction 
of the entire group, and (2) the blocking off of the lone pair prevents any 
possibility of addition formation a t  this point with the reagent and there- 
fore of subsequent rearrangement to ortho and para positions on the ring. 

According to Vorlander, Robinson, Ingold and others4 the most strongly 
meta-directing groups are the positive poles directly attached to  the ben- 
zene ring. Thus phenyltrimethylammonium nitrate is nitrated exclusively 
in the meta position6 and many other compounds of similar type yield meta 
derivatives almost exclusively on nitration; among these may be mentioned 
diphenyl iodonium nitrate,= triphenylantimony dinitrate,' triphenyl- 
bismuth dinitrate8 and diphenyllead dinitrate.9 

The change in the ortho-para directive influence of the NH2 group to  
the meta orienting influence of the NH3X group through salt formation 
has been ascribed to the ionization of the salt to give a positive ion in which 
substituents take the meta position because of the positive charge carried 
by the NHaf group. Fliirscheim and ~ o l m e s ~ ~  found that the addition of 
ammonium sulfate to the nitrating mixture of nitric and sulfuric acid 
decreased the yield of the meta isomeride formed during the nitration of 
benzyldiethylamine while Pollard and Robinsonlo observed similar effects 
in the nitration of benzylpiperidine. In these cases the added salts depress 
the ionization of the salt undergoing nitration and thus cause a decrease in 
the meta directive power of the positive pole. 

Since the oxygen atom resembles the nitrogen atom in the formation of 
(1) Paper presented at  the Denver Meeting of the American Chemical Society, Augccst, 1932. 
(2) China Foundation Fellow. 
(3) Lucas. THIS JOURNAL, 48, 1827 (1926). 
(4) (a) Vorliinder, Ber., 62, 262 (1919); (b) Allan, Oxford, Robinson and Smith, J. Chem. Sac., 

401 (1926); (c) Goss, Ingold and Wilson, ibid. ,  2440 (1926); (d) Fliirscheim and Holmes, i b id . ,  1562 
(1926); (e) Ingold, Annual Reports Chem. Soc., 23, 130 (1926). 

(5) Vorlander and Siebert, Ber., 62, 283 (1919). 
(6) Vorlgnder and Biichner, ibid. ,  68, 1898 (1926). 
(7) Morgan and Micklethwaite, J. Chem. Sac., 99,  2286 (1911) 
(8) Vorlander and Schroedter, Ber., 58, 1900 (1928). 
(9) Vorlander and Spreckels, ibid. ,  68, 1900 (1928). 

(10) Pollard and Robinson. J. Chem. Sac., 2770 (1927). 
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onium salts, the nitration of a phenol in the presence of varying amounts of 
sulfuric acid might be expected to yield different ratios of meta derivatives. 
I t  has been shown recently that the addition of sulfuric acid in the nitration 
of benzaldehyde and of ethyl benzoate leads to increased production of the 
meta derivative." 

For this work p-cresol was selected since it is known to form two addition 
compounds with sulfuric acid, viz., 2C7Hs0.H2S04, m. p. l l . O O ,  and C7HsO.- 
2HzS04, rn. p. 9 3 . 5 O . I 9  If these compounds are ionized the electronic 

H 
formulas are, for the former, 2CHsC6H4 : o : H +, Soda ; and for the latter, 

H 
CH3CBH4 : 0 : H++,  2HS04-. The presence of a positive charge on the 

H 
former would presumably increase the proportion of the rneta isomer 
produced on nitration while the presence of a doubly positive charge on the 
latter would be expected to have an even greater efiect. Any influence of 
added acid, due to salt formation alone, might be expected to carry through 
to the esters of p-cresol, and for that reason the carbonate of p-cresol was 
also nitrated under varying conditions. 

The results obtained with 9-cresol by nitrating in glacial acetic acid 
solution are shown in Table I, and those with p-cresyl carbonate and fuming 
nitric-sulfuric acid mixture are shown in Table 11. 

Molal ratio 
Carbonate: HNOs: HtSO4 Nitration products, per cent. 

2.5% 5% Temp., Total Ratio 
Expt. NaOs SOa O C .  p-Cresol o-NOp di-NOn ~o-NOx m-NO* Total mlo 
I 1 1 . 9  
I I 1 1 . 9  
I11 1 2 . 2  
IV 1 2 . 2  
v 1 2 .2  
VI 1 2 . 2  
VII 1 2 . 1  
VIII 1 2 . 1  
IX 1 2 . 1  

" 95% ' 0 8 0 4 .  

When using fuming sulfuric and nitric acids p-cresol undergoes rapid 
decomposition and satisfactory results cannot be obtained. The addition 
of glacial acetic acid cuts down the undesirable side reactions so that, 
by working rapidly, one can obtain a fair amount of nitration products. 
On the other hand, the nitration of the carbonate proceeds much more 
smoothly and can be carried out with the nitric and sulfuric acids alone. 

The results obtained in these nitration experiments are shown graphically 

(11) Baker and Moffitt, J .  Chem. Soc., 314 (1931); Baker and Hey, ibid., 1226 (1932). 
(12) Kendall and Carpenter, THIS JOURNAL, 86, 2498 (1914). 
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in tlie figure where the molal ratio of nz-nitro to o-nitrox3 isomer is plotted 
against the ratios of sulfuric acid to the compound undergoing nitration. 
In the case of p-cresol, only the ortho isomer is formed when there is no 
sulfuric acid present, but when the sulfuric acid-cresol ratio is one-half, 
the meta-ortho ratio is approximately one-fourth. As more sulfuric acid is 
added the meta-ortho ratio rises, a t  first slowly, then more rapidly, and 
finally reaches a maximum where further addition of acid changes the 
meta-ortho ratio but little. 

In the case of 9-cresyl carbonate the meta-ortho ratio is 0.1 a t  zero 
concentration of sulfuric acid. It changes slowly a t  first as acid is added, 
then more rapidly, and finally approaches a maximum. 

1 2 3 4 5 6 7 8 9 1 0  
Molal ratio of sulfuric acid to cresol and cresyl carbonate. 

Fig. 1.-0, Nitration of P-cresyl carbonate; 8, nitration of 
pcresol. 

Interpretation of the Results.-Increase in the amount of the meta 
isomer on the addition of sulfuric acid can be accounted for on the basis of 
oxonium salt formation. It is to be expected that the rate of increase a t  
first would be greater in the case of p-cresol since the weakly basic proper- 
ties of its oxygen atom should exceed the even weaker basic properties of 
the carbonate. The initial rapid increase in the meta-ortho ratio during 
the nitration of p-cresol corresponds to its conversion into the addition 
compound, ~ C H ~ C G H ~ O H . H & ~ O ~ .  Additional sulfuric acid has little effect 
until the second addition compound, CH3C8H40H.2HzSO4, is formed. 
Since the latter is partly dissociated, an excess of sulfuric acid is necessary 
for the complete conversion of the first into the second. The break in the 
curve after three moles of sulfuric acid have been added probably corre- 
sponds to this change. Finally, the maximum value of 0.8 in the meta- 

(13) Since the discussion centers about the hydroxyl group the derivatives are named in reference to  
it, rather than to the methyl group. Thus 2-nitro-4-hydroxytoluene is here called m-nitro-p-cresol 
and 3-nitro-4-hydroxytoluene is called o-nitro-p-cresol. 



ortho ratio indicates that even when completely converted into the di- 
sulfate compound more ortho than meta is formed. 

In the case of the carbonate the rapid rise in the meta-ortho ratio comes 
only after approximately two moles of sulfuric acid have been added. 
Since the carbonate is a weaker base than the cresol the oxonium reaction 
on each phenolic oxygen should require a higher ratio of sulfuric acid, 
probably one of acid to each oxygen atom. The resulting compound, 
(C7H70)2C0.2H2S04, would probably be unstable and require an excess of 
sulfuric acid for its complete formatiorl. The rapid rise in the rnetz-ortho 
ratio above this point probably corresponds to the conversion of the small 
amount of uncombined carbonate into the oxonium complex. The second 
rapid rise above five moles of sulfuric acid probably corresponds to the 
complete transformation of the first complex into a second, viz., (C.IH?O)~- 
CO.4HtS04. Further addition of sulfuric acid brings about little additional 
change. 

The increase in the meta orienting influence of the oxygen atom through 
salt formaticn is probably due to its greater attraction for the electron pair 
which joins it to ring carbon, a condition associated with an increase in the 
residual kernel charge of the oxygen atom.14 It is evident that this charge 
is greater, the greater the degree of ionization of the oxonium complex, 
since the hydrogen atoms act as bonds in the undissociated molecules. 
One would expect a progressive increase in the residual kernel charge of the 
oxygen atom in the following radicals: OH, OH&, OHZz, OH$X+, 
OH3++. On the basis of the positive pole theory the last two should be 
exclusively meta orienting. The production of the ortho isomer, even in a 
large excess of sulfuric acid, seems to indicate that a part of the complex is 
un-ionized and that the nitration of this gives the ortho as well as the 
meta isomer. It is reasonable to assume, therefore, that on the addition 
of sulfuric acid the orienting influence of the hydroxyl group suffers mod- 
ification in the same way as the amino group, but to a less extent. 

Experimental 
Materials.--Eastman pcresol No. P 449, m. p. 33-34", was twice distilled under 

reduced pressure and the portion boil~ng a t  102-102.5° and 22 mm. was collected. It 
melted a t  36.0'. This was converted into the carbonate by dissolving in sodium hy- 
droxide solution and passing in carbonyl chloride.16 After crystallizing from alcohol it 
melted a t  113 O. 

3-Nitro-p-cresol, 3-nitro-4-hydroxytoluene (called o-nitro-p-cresol in this paper) 
was prepared by nitrating 108 g. (1 mole) of pcresol with a mixture of 135 g. of concd. 
nitric acid (1.4 moles), 200 g. of concd. sulfuric acid (2 moles), and 500 ml. of water a t  
5-10" The solution was extracted with ether, the ether was evaporated and the solid 
was twice steam distilled, m. p. 32.0-32.5'. It analyzed 99.3% pure with standard 
titanous sulfate and 99.0% pure with standard bromide-bromate solution. 

(14) Latimer and Porter, THIS JOURNAL, 62, 206 (1930). 
(15) Hollematl and Hoeflake, Rec. lrav. chim., 36, 271 (1916). 



2-Nitro-p-cresol, 2-nitro-4-hydroxytoluene (called m-nitro-p-cresol in this paper) 
was prepared by nitrating p-cresyl carbonate and saponifying the resulting nitrocar- 
bonate according to the method of Copisarow.lB The yellow, odorless needles from al- 
cohol melted a t  78.5Oand analyzed 99.5% pure with standard titanous sulfate and 99.4% 
pure with standard bromide- bromate. 

3,5-Dinitro-p-cresol, 3,5-dinitro-4-hydroxytoluene, was prepared by nitrating 36 g. 
(0.33 mole) of p-cresol a t  30-40" with a mixture of 135 g of concd. nitric acid (1.4 mole) 
and 200 g. of concd. sulfuric acid (2 moles). The reaction mixture was steam-distilled 
and the residue of crude product was recrystallized from alcohol several times, using 
norite for decolorizing, m. p. 85.0°. This was found to be 99 3% pure by analysis with 
standard titanous sulfate and with standard bromide-bromate. 

The benzoate of 3-nitro-p-cresol was prepared in quantitative yield by the action of 
benzoyl chloride upon 3-nitro-p-cresol dissolved in pyridine. After one crystallization 
from alcohol the yield of fairly pure crystals was 90%. A second crystallization yielded 
colorless flakes melting a t  96.0°. Reduction with standard titanous solution gave 5.4y0 
N; theoretical for CIPHIIOIN, 5.45(ro N. 

The benzoate of 2-nitro-p-cresol was prepared as above, in approximately the same 
yield. It crystallized from alcohol in pale yellow needles melting a t  90°. Reduction 
with standard titanous solution gave 5.42% N; theorctical for ClrHIIO&, 5.45% N. 

Nitration.-The operations were carried out in a 20-cm. test-tube provided with a 
mercury-sealed stirrer, a dropping funnel to  admit the nitrating mixture, and an exit 
tube carrying a calcium chloride tube to prevent moisture from entering. The test-tube 
was immersed in a freezing mixture of ice and hydrochloric acid a t  -15 to -20'. To 
2.7 g. (0 025 mole) of p-cresol dissolved in a mixture of 18 g. of glacial acetic acid and 
varying amounts of c. P. concd. sulfuric acid was added a mixture of 1 to 1.5 g .  of c. P. 

concd. nitric acid (0.01 to 0.017 mole) and 6 g. of glacial acetic acid, usually during three 
to five minutes. The mixture was a t  once poured onto ice and worked up according to  
the procedure described under purification. It was found that when the cresol was ni- 
trated with a mixture of nitric and sulfuric acids alone only small amounts of nitro- 
cresols could be obtained since considerable oxidation took place; but in glacial acetic 
acid the undesirable reactions were so cut down that the nitro compounds could be ob- 
tained. However, i t  was necessary to keep the mixture a t  - 12 to -20 O and to shorten 
the time of addition; otherwise there was a fairly large amount of non-phenolic material 
produced. Because of the deficiency of nitric acid, only a part of the p-cresol was ni- 
trated. The amount of unreacted cresol could be decreased by increasing the time (see 
Expt. VI, Table I), but more non-phenolic compounds were formed. However, the 
tendency to  undesirable side reactions seemed to drop off a t  high sulfuric acid ratios since 
in Expt. XI1 good yields of products were obtained even though the mixture stood for 
sixty minutes. 

The nitration of the pcresyl carbonate was carried out in the same apparatus, as 
follows. To  4.83 g. (0.02 mole) of the carbonate dissolved in varying amounts of fuming 
sulfuric acid containing 5.0% of sulfur trioxide was added 1.9 to 2.2 g. of fuming nitric 
acid (0.03-0.035 mole) containing 2 5% of nitrogen pentoxide. The temperature was 
kept a t  0 to -10' during the nitration and for three hours afterward; the mixture was 
then allowed to stand overnight and in the morning i t  was poured onto a mixture of 30 
g. of chopped ice and an amount of sodium carbonate sufficient to  neutralize about two- 
thirds of the sulfuric acid. The precipitated mater~al was filtered onto a Gooch crucible 
and saponified by refluxing for two to three hours with a solution of 6 g. of sodium car- 
bonate in 60 ml. of water.16 The solution containing the sodium salts of p-aesol and 
its nitration products was filtered from a small amount of flocculent material, acid was 
added to  the filtrate and this solution was worked up as described under purification 

(16) Copisarow, J. Chem. Soc., 261 (1929). 
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below, except that the solid o-nitro-p-cresol and m-nitro-pcresol were dried to constant 
weight. 

Purification and Separation of Reaction Products.-The aqueous acid solutions 
resulting from the nitration of p-cresol and from the hydrolysis of the nitrated p-cresyl 
carbonate were extracted with ether several times. The ether phase was then ex- 
tracted with dilute (0.5 to  1.0 N) sodium hydroxide. Following this extraction the ether 
phase was usually colored by the presence of non-phenolic compounds resulting from 
oxidation. This was discarded. Dilute sulfuric acid was added to the aqueous phase, 
another ether extraction followed, and after evaporation of the ether the residue was 
steam distilled, unchanged p-cresol and o-nitrocresol coming over, m-nitro- and dl- 
nitrocresol remaining behind The distillate was extracted with cther, the ether phase 
was dried with anhydrous sodium sulfate and then evaporated. The residue was dis- 
solved in 100 ml. of glacial acetic acid. Solutions resulting from the nitration of p- 
cresol were analyzed by titration with standard titanous sulfate solution17 and those 
from the carbonate, with standard bromide-bromate solution.17 The residue of m- 
nitro- and dinitrocresol, along with some non-phenolic material, was dissolved in ether, 
which was then extracted with dilute sodium hydroxide solution. This phase was 
filtered, dtlute sulfuric acid was added, and the cresols dissolved out by ether. The 
ether phase, after drying with anhydrous sodium sulfate, was evaporated off and the 
residue was dissolved in 100 ml. of glaaal acetic acid. Solutions coming from the nitra- 
tion of p-cresol were analyzed by reduction with standard titanous solution, followed 
by titration with standard bromide-bromate solution. Those from the nitration of the 
carbonate were analyzed with bromide-bromate. 

The separation by steam distillation of p-cresol and o-nitro-p-cresol from m-nitro- 
and di-nitro-p-cresol under the conditions used gave satisfactory results with a known 
mixture, as shown below: 

Distillate Residue 
p-Cresol o-nitro-p-cresol, m-nitro-p-cresol, dinitro-p-cresol, 

g. g.  g. g. 

Weight taken 0.3001 2.0011 0.2466 0.0214 
Weight recovered .2981 1.9871 .2478 .0215 

Analysis.-The deterniiriation of p-cresol and of o-nitro-p-cresol in a mixture of 
these two obtained by the steam distillation of the reaction product from the nitration 
of p-cresol was done by titrating one aliquot of the glacial acetic acid solution with stand- 
ard titanous sulfate, following the procedure described by Francis and Hill1? for the use 
of titanous chloride in determining nitro compounds in alcoholic solution, and by titrat- 
ing a second aliquot first with an excess of titanous sulfate and second with standard 
bromide-bromate, following again the procedure of Francis and Hill. The use of glacial 
acetic acid is preferable to alcohol since the latter slowly reacts with the bromide- 
bromate solution.l8 Prom the amount of titanous solution required the amount of 
nitro compound can be calculated readily, and from the titanous and bromate titrations 
the amount of unchanged cresol is easily calculated. The data below show the results 
obtained with a known mixture: 

ANALYSIS OF p-CRESOL (1.5250 G.) AND 0-NITRO-p-CRESOL (0.3650 G.) DISSOLVED IN 
100.0 ML. OF GLACIAL ACETIC ACID, BY REDUCTION AND BROMINATION 

Tit(SO4)s KBr08 o-Nitro-9-cresol p-Cresol 
Soln., (0.00628 N), (0.1022 N ) ,  Taken, Found, Error, Taken, Found, Error, 

ml . ml. ml . g.  g .  '33 g. g. % 
2 9.01 13.73 0.00730 0.00727 -0.83 0.0305 0.03021 - 1.0 
2 9.04 13.78 ,00730 .00729 - .50 .0305 .03028 - 0.7 

(17) Francis and Hill, Tms JOURNAL, 46, 2498 (1924). 
(18) Buxton and Lucas, ibid., 60,249 (1928). 



In  the same way the mixture of m-nitro- and dinitro-p-cresol can be 
analyzed, the calculations being based upon the equations 

When a is equivalents of titanous sulfate and b is equivalents of bromine 
used up, the weight of m-nitro- (x) and of dinitro-p-cresol (y) can be calcu- 
lated by means of the two equations 

x =; 76.56 - 1.53~; y = 198a - 49.5b 

The data below show the results obtained with a known mixture. 

ANALYSIS OF %NITRO-p-CRESOL (0.2025 G.) AND DINITRO-p-CRESOL (0.0200 G.) 
DISSOLVED IN 50.0 ML. OF GLACIAL ACETIC ACID, BY REDUCTION AND BROMINATION 

Tiz(S0Sa KBrOz m-Nitro-p-cresol Dinitro-p-cresol 
Soln., (0.00528 N) (0.0536 N), Taken, Found, Error, Taken, Pound, Error, 

tnl. ml. ml. g. g. % g. g. % 

The reaction products from the nitration of fi-cresyl carbonate were 
analyzed by bromination alone. In  this case i t  was necessary to know the 
weight of solid material and this was obtained by complete evaporation of 
the ether solutions, followed by desiccation over concd. sulfuric acid for one 
or two days. With known mixtures bromination gave fairly satisfactory 
results. 

ANALYSIS OF P-CRESOL (1.0835 G.) AND 0-NITRO-p-CRESOL (2.1406 G.) DISSOLVED I N  

250 ML. OF GLACIAL ACETIC ACID, BY BROMINATION ALONE 

KBrOz P-Cresol o-Nitro-p-cresol 
Soln., (0.1346 N), Taken, Found, Error, Taken, Found, Error, 
mi. ml . E. g. % g. g. % 
10 20.15 0.04334 0.04279 -1.3 0.08562 0.08601 +0.5 
10 20.18 ,04334 .04290 -1.0 .08562 .08590 f .4 
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The calculations above were based upon the fact that p-cresol reacts with 
two moles of bromine and the o-nitro derivative with only one. In  the 
equations x is amount of p-cresol, y is amount of o-nitro-p-cresol, a is 
equivalents of bromine used and w is weight of the sample in grams. 

x = 41.800 - 0 . 5 4 7 ~  
y = 1 . 5 4 8 ~  - 41.80a 

AVLYSIS OF m-NITRO-P-CRESOL (0.3621 G.)  AND DINITRO-P-CRESOL (0.1284 G.) IN 

50 ML. OF GLACIAL ACETIC ACID; BY BRONINATION ONLY 

KprO! - m-Nitro-$ cresol Dinitro-9-cresol 
Soin , (U IS46 N), Taken, round, Errcr, Taken., Found, Error. 
mi. ml. g.  g. g. 6. R. % 
10 14.16 0.07242 0.07304 +0.8 0.02568 0.02506 - 2.4  
10 14 14 ,07242 07302 + . 8  02568 .02508 - 2.4 

These calculations are based upon the fact that m-nitro-#-cresol reacts 
with two moles of bromine and the dinitro compound with none. The 
calcuIations are made according to the equations below in which x is weight 
of m-nitro- and y is weight of dinitro-p-cresol. 

x = 38.25a 
y = w - 38.25a 

Experimental Results.-The results of the nitration of p-cresol in 
glacial acetic acid solution and of the nitration of p-cresyl carbonate are 
given in Tables I and 11. It is from these data that the curves shown 
earlier were constructed. 

In the nitration of p-cresol there was always a deficiency of nitric acid. 
The small amount of dinitro compound was assumed to be the isomer in 
which both nitro groups were ortho to the hydroxyl. Benzoylation of the 
residue non-volatile with steam from Experiment I1 gave an amount of the 
benzoate of m-nitro-p-cresol equivalent to 61% of the meta compound 
found by analysis and the residue from Experiment X gave 84y0. None of 
this benzoate could be obtained from Experiment I. 

Since p-cresyl carbonate undergoes nitration with greater difficulty, 
it was necessary to use a mixture of fuming nitric and fuming sulfuric acid. 
Here again the dinitro-p-cresol was assumed to be 3,5-dinitro-4-hydroxy- 
toluene. Such an assumption probably involves an error, since the dinitro 
compound may in part be the 2,5- or even the 2,6- isomer. If the former is 
present then the meta-ortho ratio should be less than the one calculated, 
while if the latter is present this ratio should be greater. It is possible that 
the error from this source is not great since these two effects counteract 
each other. 

Summary 
Nitrations of p-cresol and of p-cresyl carbonate have been carried out in 

the presence of sulfuric acid in amounts varying from 0 to 10 moles of acid 
per mole of organic compound. It was found in the case of p-cresol that 
the ortho directive power of the hydroxyl group decreased as sulfuric acid 



increased, and that more and more of the entering nitro group took up a 
position meta to the hydroxyl. However, a maximum value of about 0.8 
was reached for the meta-ortho ratio. This change in directive power is 
ascribed to the salt-forming property of the oxygen atom of p-cresol. The 
predominating tendency toward ortho substitution, even when a large 
excess of acid is present, probably arises from the fact that the oxonium salt 
is in part un-ionized. 

In  the case of 9-cresyl carbonate, increase in the amount of sulfuric acid 
likewise increased the meta-ortho ratio. It is assumed that here also 
oxonium salt formation is responsible for the change. 

These changes in orientation are entirely analogous to the modification 
in the orientation of amino and substituted amino groups by the addition 
of sulfuric acid. 

PASADENA, CALIFORNIA RECEIVED OCTOBER 24, 1932 
PUBLISHED MARCH 7,1933 

The Preparation of Some Structurally Related Monoguanidines 

Introduction 
In  a study of the relationship between guanidine structure and hypo- 

glycemic activity it became necessary to prepare the following series of 
structurally related monoguanidines: a-phenylguanidine sulfate, benzyl- 
guanidine sulfate, phenylaminoguanidine hydrochloride, p-aminophenyl- 
guanidine sulfate, n-hexylguanidine sulfate, cyclohexylguanidine hydro- 
chloride, o-tolylguanidine hydrochloride, m-tolylguanidine sulfate, p- 
tolylguanidine hydrochloride, a-methyl a-phenylguanidine hydrochloride 
and p-phenylethylguanidine sulfate. The first four were prepared as 
described by previous investigators.' 

The detailed syntheses of the Latter seven are recorded here for the 
benefit of those interested in the field. While the nitrate salts of o-tolyl- 
guanidine and p-tolylguanidine have been de~cribed,~ no record of their 
hydrochlorides could be found. 

Since the compounds were synthesized for the purpose of studying their 
physiological reactions, special emphasis was placed upon purity, and no 
attempts were made to produce maximum yields. The hydrochloride and 
sulfate salts were selected to obtain greater water solubility than might be 
expected with the free bases or the nitrate salts. The results of the physio- 
logical investigation of these compounds, which is in progress, will be re- 
ported separately. 

(1) Smith, Ta~s  JOURNAL, 51,476 (1929); Davis and Elderfield. ibid., 64, 1499 (1932). Pellizzari. 
Gazz ehim ilal., 21,330 (1891); Braun, THIS JOURNAL, 64,1511 (1932). 

(2) Meister, Lucius and Bruning, German Patent 172,979; Kampf, Ber., 87, 1683 (1904) 



March, 1933 PREPARATION OF STRUCTURALLY RELATED MONOGUANIDINES 1281 

Experimental 
n-Hexylguanidine Sulfate.--Hexylamine was prepared by the reduction of n- 

capronitrile (Eastman practical) with sodium and absolute alcohol-m. p. hydro- 
chloride salt, 21 9 '. 

14.5 g. (0.143 mole) of n-hexylamine and 21.0 g. (0.151 mole) of Smethyl isothio- 
urea sulfate in 60 cc. of water were heated under reflux at  100° for five hours. The 
crystals obtained upon cooling the reaction solution were filtered off, washed with dry 
ether and air dried. The crude salt, when dry. was treated with boiling absolute alco- 
hol, boneblackcd (norite), and filtered hot. To the cold alcoholic solution was added 
sufficient ether to caiuse permanent turbidity. Upon standing in an ice chest crystals 
of the sulfate deposited. These were filtered off, washed with dry ether and dried a t  
100" in  vacuo. After three recrystallizations from absolute alcohol a n-hexylguanidine 
sulfate was obtained which melted at  210-212° 

The purified salt was white, crystalline, easily soluble in cold water and hot absolute 
alcohol, but insoluble in anhydrous ether. The final yield (purified salt) was 5.0 g. or 
18.2%. 

Anal. Calcd. for C7H,7N3.0.5H2S04: S, 8.34. Found: S, 8.37 (as B~SO,). 

Cyclohexylguanidine Hydrochloride.-Cyclohexylamine hydrochloride was pre- 
pared by passing dry hydrogen chloride into a cold solution of cyclohexylamine (East- 
man) in anhydrous ether-m. p. cyclohexylamine hydrochloride, 204-205O. 

Ten grams (0.074 mole) of cyclohexylamine hydrochloride and 4.5 g. (0.107 mole) 
of cyanamide (Eastman) in 50 cc. of absolute alcohol were heated under r d u x  a t  100° 
for six hours. The solution was reduced to about half its volume under atmospheric 
pressure, after which, upon cooling, a crystalline compound deposited. The latter was 
filtered off, washed with ether and dried. The crude material (10.4 g . )  melted over a 
wide range, 158-194O. The entire batch of this crude was extracted twice with boiling 
acetone, washed with ether, and dried at  100' in vacuo. The hydrochloride after re- 
crystallization from boiling absolute alcohol melted at  224-226O. 

The purified cyclohexylguanidine hydrochloride was white, crystalline, readily 
soluble in cold water and in hot alcohol but insoluble in ether and in boiling acetone. 
The yield (purified salt) was 8.4 g. or 64.0%. 

A~lal .  Calcd. for C7HlsNsC1: C1, 19.96. Found: el, 19.92 (as AgC1). 

o-Tolylguanidine Hydrochloride.-o-Toluidine hydrochloride was prepared by 
passing dry hydrogen chloride into a solution of o-toluidine (Eastman practical) in 
anhydrous benzene-m. p crude o-toluidine hydrochloride, 205-206'. 

Forty-five grams 10.314 mole) of o-toluidine hydrochloride (m. p. 205-206") and 
18.0 g. (0.430 mole) of cyanamide (Eastman) in 100 cc. of absolute alcohol were heated 
under reflux at  100' for six hours. When the solution was concentrated to about one- 
third its volume the concentrate, a viscous sirup, set to an almost solid mass under 
vigorous agitation The solid was filtered off, washed with a small volume of anhydrous 
ether, and dried a t  room temperature in uacuo. The crude material (24 5 g.) was dis- 
solved in 450 cc. of boiling acetone, boneblacked and the solution filtered hot. The 
hydrochloride was precipitated in crystalline condition from the cold acetone solution 
by slow addition of ether. After filtration and washing with ether, it was dried a t  78O 
in  vacuo. A second acetone-ether purification produced an analytically pure com- 
pound which melted at 133-135 " 

The purified o-tolylguanidine hydrochloride was white, crystalline, soluble in cold 
water and hot acetone, but insoluble in ether. The yield (purified salt) was 18.4 g. 
or 31.6%. 

A m l .  Calcd. for C&ZlpN8Cl: C1, 19 11. Found Cl, 19.00 (as AgC1). 



m-Tolylguanidine Sulfate.-Ten grams (0.10 mole) of m-toluidine (Eastman 
practical) and 9 g. (0.065 mole) of S-methyl isothiourea sulfate suspended in a mixture 
of 10 cc. of alcohol and 10 cc of water were heated under reflux a t  100' for about thirty 
hours. A yellowish solid which had formed after cooling was filtered off, ground under a 
mixture of alcohol and ether and dried a t  room temperature under vacuum. The alco- 
hol-ether extraction removed practically all of the color and left a cfude sulfate (5 0 
g.) which melted a t  210-212'. The crude material was dissolved in a large volume of 
hot 95% alcohol, boneblacked and filtered hot. The addition of ether to the cooled 
alcoholic solution precipitated the sulfate as a white, crystalline powder, easily soluble 
in cold water but insoluble in ether. The pure compound melted a t  215-217'. The 
yield (purified salt) was 4.0 g. or 31.l%, calculated on 0.065 mole of m-toluidine 

Anal. Calcd. for C ~ H U N ~ . O . ~ H ~ O ~ :  St 8.09. Found: S, 8.13 (as BaS04). 
#-Tolylguanidine Hydrochloride.-Forty-two grams (0.29 mole) of p-toluidine 

hydrochloride (m. p. 243") and 18 g. (0.43 mole) of cyanamide (Eastman) in 43 cc. of 
absolute alcohol were heated under reflux a t  100' for six hours. When the solution was 
concentrated to about one-half its volume, the concentrate after cooling. set to  an almost 
solid mass of crystals. These were filtered off, ground under cold acetone refiltered, 
washed with cold acetone and ether, and dried a t  room temperature in vacuo The 
crude material (17 g.) was white and melted a t  133-135". 

The crude product was dissolved in 90 cc of boiling absolute alcohol boneblacked, 
and filtered hot. After reducing the volume of the solution, a small amount of a white 
crystalline compound deposited This was filtered off, washed with ether and dried a t  
room temperature. The dry material weighed 1.3 g. and melted a t  245-247". Ana- 
lytical data established this compound as the hydrochloride salt of p-tolylbiguanide. 

Anal. Calcd for CpH14NaCl: C1, 15.57. Found: C1, 15 68 (asAgC1). 

These data are not in agreement with those of B e ~ t e l , ~  who reported that p-tolyl- 
biguanide hydrochloride had the formula CsHi4NaCl.O 5H20, and that  the anhydrous 
salt melted a t  235O, uncorrected. 

The alcoholic filtrate. after removal of the 9-toiylbiguanide salt, was concentrated 
a t  100". The concentrate when cool, deposited 11.7 g. of crystalline material which, 
when dry, melted a t  130-133 ". This impure hydrochloride was treated with 200 cc. of 
cold absolute alcohol, in which it  was almost completely soluble After filtration the 
solution was concentrated, cooled and treated with ether until a permanent turbidity 
existed Upon .;tanding in an ice chest the solution deposited a batch of white crystals 
which were filtered off, washed with ether and dried a t  78" in vacuo. The purified 
p-tolylguanidine hydrochloride was white, crystalline, soluble in water and hot absolute 
alcohol but insoluble in ether. It melted a t  136-137". The yield (purified salt) was 
9 5 g. or 17.4%. 

Anal. Calcd for CsHlnNsC1: C1, 19.11. Found: C1, 19 06 (as AgC1). 
a-Methyl-a-Phenylguanidine Hydrochloride.-Methylaniline hydrochloride was 

prepared by passing dry hydrogen chloride into a cold solution of methylaniline (East- 
man, b. p. 81-82" (14mm.)) in benzene. 

48.5 g (0.34 mole) of methylaniline hydrochloride (m. p. 121 ") and 17 g. (0.41 mole) 
of cyanamide (Eastman) in 30 cc. of absolute alcohol were heated under reflux a t  100° 
for ten hours. After cooling, the solution deposited a large quantity of white crystals 
which were filtered off, washed with ether and dried a t  room temperature in vacuo. 
The crude hydrochloride weighed 43.8 g. and melted a t  206-208" 

Purification was effected by dissolving the salt in boiling absolute alcohol, bone- 
blacking, filtering hot and adding sufficient ether to the cold filtrate to produce perma- 

(3) Beutel, Ann.. 310, 344 (1900). 
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nent turbidity. After the alcohol-ether solution had stood in an ice chest, the purified 
hydrochloride crystallized out, was filtered off, washed with ether and dried at 100' 
i n  vacuo. The pure a-methyl a-phenylguanidine hydrochloride was white, crystalline, 
soluble in cold water and hot alcohol but insoluble in ether. X t  melted a t  217-218'. 
The yield (pure salt) was 22.3 g. or 35.370. 

Anal. Calcrl. for CsNlzNsCl: CI, 19.11. Found: C1, 19.03 (as AgG1). 

fl-Phenylethylguanidine Sulfate.-Twenty grams (0.165 mole) of 8-phenylethyl- 
amine (b. p. 76.5-78O (8 mm.)) and 20 g. (0.144 mole) of S-methylisothiourea sulfate 
in 250 cc, of water were heated a t  100° for four hours. After evaporation of most of the 
water a m,rsta!!ioe material deposited. which was filtered off, washed with small volumes 
of acetone and ether and air dried. The crude material melted rather abnormally. 
I t  softened a t  80°, appeared to evolve a gas between 95-105", and then solidified. The 
second solid melted without decomposition at  170-172". These observations suggested 
that possibly the original solid was a hydrate which lost its water of crystallization at  
95-105O, leaving an anhydrous compound which melted at 170-172'. The original 
and final substances gave positive sulfate reactions. 

Recrystallization from boiling absolute alcohol produced large glistening crystals, 
soluble in cold water and giving a positive sulfate reaction. The material from absolute 
alcohol softened a t  60-65'. appeared to evolve a gas at  95' and then solidified. The 
second solid me!ted ~ M ~ o u t  decomposition at  168-173O. A second recrystallization 
from absolute alcohol produced identical results. The crystallime compound was air 
dried, and its sulfur content determined in order to prove or disprove the idea that the 
compound, crystallized from alcohol, is p-phenylethylguanidine sulfate with alcohol of 
crystallization. The analytical data established this point. 

Anal. Calcd. for (CeHlaN1.0.5H~S0~). CpHsOH: S, 6.19. Calcd. for CpHlaNa.0.5 
H2S04: St 7.56. Found: S, 6.65 (as BaS04). 

The remainder of the crystalline material was heated for six hours at  78O in vacuo 
and then a t  100" in vacuo to drive off the alcohol of crystallization. The compound, 
after heating, lost its glistening crystalline appearance and became dull. It melted at  
175-177". Repeated recrystallizations from absolute alcohol followed by heating in 
vacuo failed to raise the melting point. The sulfur content of the compound melting 
at  175-177" was 7.63%, which established it as 8-phenylethylguanidine sulfate. In one 
experiment a final melting point of 180.5-181 was observed but subsequent trials failed 
to confirm this. The purified sulfate was white, very soluble in water and hot absolute 
alcohol, only slightly soluble in acetone and insoluble in ether. The yield (purified salt 
m. p. 175-177') was 12.3 g. or 40.3y0, calculated on 0.144 mole of 8-phenylethylamine. 

The major part of this investigation was supported by funds from a 
Sigma Xi Research Grant. 

The author wishes to thank Professor Homer Adkins of the University 
of Wisconsin for his kindness in supplying the 8-phenylethylamine, and the 
American Cyanamid Company for the thiourea used in this work. He is 
also pleased to acknowledge the technical assistance of Mr. Robert T. 
Conner of the University of Vermont. 

Summary 

1. The methods of preparation and general properties of the following 
monoguanidines have been described: n-hexylguanidine sulfate, cyclo- 
hexylguanidine hydrochloride, o-tolylguanidine hydrochloride, m-tolyl- 



guanidine sulfate, p-tolylguanidine hydrochloride, a-methyl cu-phenyl- 
guanidine hydrochloride and P-phenylethylguanidine sulfate. 

2. A corrected formula and melting point for p-tolylbiguanide hydro- 
chloride have been reported. 

BURLINGTON, VERMONT RECEIVED OCTOBER 25, 1932 
PUBLISHED MARCH 7, 1933 

[CONTRIBUTION FROM THE TECHNICAL UNIVERSITY, DELFT, HOLLAND] 

Derivatives of Dioxane 

BY J. BOESEKEN, F. TELLEGEN AND P. COHEN HENRIQUEZ 

In a previous communication1 we mentioned the first results of a research 
on the chlorination of l,4-dioxane. 2,3-Dichlorodioxane, the first product 
of chlorination, was separated; the chlorine atoms proved to be very 
mobile as they are in all a-chloro ethers. With sodium ethylate we isolated 
the 2,3-diethoxydioxane, while with glycol the two isomeric naphthodioxanes 
(1,4,1',4'-tetroxadecahydronaphthalene). These investigations were con- 
tinued in different directions. 

A. The Action of Chlorine on Dioxane.-Neither repeated distillation 
nor investigation of the products of hydrolysis of the first fraction gave any 
indication of the existence of monochlorodioxane. The investigation of the 
mechanism of the first stage of the chlorination is still being continued. 

On chlorinating dichlorodioxane, i t  appeared that chlorine is rapidly 
absorbed. The first time the chlorination was continued for sixteen 
hours a t  130-150' and the product was carefully fractionated. The first 
fraction, boiling below 102' (15 mm.), appeared to have a chlorine content 
corresponding with tetrachlorodioxane. Hydrolysis by means of boiling 
water produced glycolic aldehyde. Subsequent treatment with dinitro- 
phenylhydrazine gave the dinitrophenylhydrazone of glycolic acid and the 
dinitrophenylosazone of glycolic aldehyde. The quantity of these precipi- 
tates was in accordance with the expectation, based on the decomposition of 
one of the following tetrachlorodioxanes 

Butler and Cretcher2 succeeded, after a chlorination of twelve hours, in the 
isolation of a crystalline asymmetrical and two isomeric symmetrical 
tetrachlorodioxanes besides the liquid asymmetrical one, just mentioned. 
In the higher-boiling fractions of the product obtained by the chlorination 
of dichlorodioxane during sixteen hours, only very little oxalic acid could 

(1) Rev. trav. chim., 60, 909 (1931); Proc. Acad. Sci., 34, 831 (1931). 
(2) Butler and Cretcher, THIS JOURNAL, 64, 2987 (1932). 
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be detected after decompn. with water, so that we may conclude that 
tetrachlorodioxane, with all the four chlorine atoms a t  one side of the 
molecule, is hardly formed. The odor of the chlorinated dichlorodioxane 
reminds us of acid chlorides, but ammonia did not yield an amide and cold 
silver nitrate solution did not yield more than a very little precipitate, so 
that with this chlorination very little or no acid chloride is formed. 

The second time the chlorination was continued for twenty-four hours. 
The reaction product was repeatedly fractionated in the apparatus of 
'iliidn~er;~ the liquid was divided in seven fractions: but none of these 
fractions had a constant boiling point. The first fraction had a chlorine 
content almost agreeing with pentachlorodioxane and the last fraction a 
chlorine content little less than hexachlorodioxane. 

The third time we chlorinated for about fifty hours a t  110' and also a t  
50'. After fractionation i t  was possible to obtain crystals in some frac- 
tions by cooling. The second fraction of the latter chlorination yielded 
beautiful big crystals of a hexachlorodioxane, the last fractions of the other 
chlorination mixed crystals of two compounds, containing more chlorine 
than the hexachlorodioxane. 

The hexachlorodioxane, melting a t  89.5-91.0' and having the odor of 
camphor, is not destroyed by boiling with silver nitrate or potassium 
hydroxide solution in alcohol. The liquid part of the fractions appeared 
to be hygroscopic in a high degree. With gaseous ammonia they yielded 
immediately in dry ether solution a bulky white precipitate, which is also 
the case with cold silver nitrate solution, so that probably the ring structure 
is broken with the formation of acid chloride. 
B. Reactions of Dich1orodioxane.-As we previously mentioned di- 

chlorodioxane forms by boiling with glycol two isomeric naphthodioxanes. 
We have also to mention a publication of D o n c i ~ . ~  Donciu isolated out of 
the product, obtained by the action of chlorine on glycol, crystals to which 
he credited the formula la. Treatment of this compound with sodium 
gave a product, m. p. 134-135', to which he assigned fonnula 2a, and which 
he also could obtain by the action of glycol on glyoxal. 

0 FI 0 0 H 
H,C/ \c/ \CH~ 

I 1 Form la 
\C/\CH* 

I I 1 FormZa 
HzC yHz H2A, /C\ ,CH2 

O H 0  

AS the compound to which Donciu credited formula 2a is identical with 
the higher melting isomeride of naphthodioxane, the formulas suggested by 
him appear to be the right ones. The melting points of the two isomerides, 
in as pure a condition as we could get, are 111-112° and 135-136'. After 

(3) Widmer, Dissertation, Ziirich, 1925. 
(4) Donciu, Siieber. Kais. Acad. Wiss., [C] 4,  2b, 7 (1895). 



careful sublimation of the mixture of the two isomers in the apparatus of 
Kempf, the melting point of the sublimate was observed with a microscope 
on a electrically heated object table.5 All crystals appeared to melt near 
the melting point of the eutectic mixture of the mixture (87'), so that it is 
highly probable that the difficulty of the separation is due to the formation 
of mixed crystals; also Donciu met with great difficulties in the purification 
of the higher melting isomeride. Within a short time we hope to describe 
the properties of the isomerides more fully and also of the reaction product 
of trimethyleneglycol, which consists of a t  least two isomers. 

Dichlorodioxane reacts with pyrocatechol in boiling xylene; crystals of 
m. p. 74-76' were obtained (see formula 3).6 

The action of benzyl alcohol results in the greasy-looking white crystals 
of formula 4, m. p. 66-68'. 

It seemed interesting to investigate the action of the esters of the tartaric 
acids on dichlorodioxane. Theoretically ten isomers are possible. With 
the ethyl ester of d-tartaric acid we obtained only one of the three possible 
compounds, m. p. 93.3-94.7', for which [&I in a 0.8% alcoholic solution 
was determined to be -0.30'. The composition agreed with formula 5. 

The ester of the anti-tartaric acid also reacts with dichlorodioxane, but we 
did not succeed in separating from the reaction product a pure compound. 

Dichlorodioxane does not react with boiling acetic acid; the reaction 
proceeds, however, if a few drops of strong sulfuric acid are added. By 
pouring out the reaction mixture in water an amorphous precipitation 
occurs of a white compound insoluble in all normally applied organic sol- 
vents. This compound is not the diacetate of dioxane, which can con- 
veniently be prepared by the action of potassium acetate in a solution of 
acetic acid on dichlorodioxane. The diacetate of dioxane (see formula 6), 
white crystals of m. p. 104-105.5', shows a remarkable stability toward 
dilute potassium hydroxide or acid solution. 

The reaction of dichlorodioxane with sodium iodide is noteworthy, 
because of the liberation of iodine. In boiling acetone iodine is liberated and 
precipitation of sodium chloride occurs. It might seem that dioxene is 
formed. When we try to prepare the dioxene by removing the chlorine 
atoms by light metals in solutions of high-boiling solvents, the metal is 
coated with a black tar, which can be due to polymerization of the dioxene 
and which prevents further reaction. 

Experimental Part 
Reaction with (1) Pyrocatecho1.-Eleven grams of catechol and 15.6 g of dichloro- 

dioxane were boiled for about a week in 40 cc. of dry xylene. After distillation of the 
xylene in vacuo a brown, sticky substance remained which gave a crystalline mass by 
distillation in high vacuum. Three recrystallizations in ether furnished crystals of 

( 5 )  Derx, Dissertation, Delft, 1922. 
(6) Cf. R. Summerbell and R. Christ,  HIS JOURNAL, 54, 3777 (1932). 



March, 1933 DERIVA~ XVES OF DIOXANB 1287 

m. p. 74-76'. The pale yellow color is probably due to impurity. The amount of the 
compound was 5 g. 

Anal. Calcd.: mol. wt., 194; C, 62.1; H, 5.1. Found: mol. wt., 190; C,  62.3, 
62.2; H, 5.3. 5.1. 

(2) Benzyl Alcohol.-7.5 g. of benzyl alcohol was heated with 5 0 g. of dichloro- 
dioxane until no tnore hydrogen chloride was liberated. The brown reaction product 
was distilled in high vacuum. The oil thus obtained crystallized for the larger part in 
about four days. Recrystallizations in ligroin and alcohol gave 2 g. of flat, greasy- 
looking crystals, m. p 66-68', very soluble in all common organic solvents and insoluble 
in water. 

Anal. Calcd.: C,72.0; H,6.7. Found: C,721,72.3; H,6.4,6.5. 

(3) Diethyl Ester of d-Tartaric Acid.-6.7 g. of di-ethyl ester of d-tartaric acid 
and 5.0 g. of dichlorodioxane were heated until the production of hydrogen chloride 
stopped. The brown reaction product was distilled in high vacuum The fraction dis- 
tilling between 130 and 150' crystallized. Three recrystallizations from alcohol gave 
needle-like crystals of m. p. 93.3-94.7', which are but sparingly soluble in ether and alco- 
hol (less than 2%) a t  20'; [azD2] -0.30 for a 0.8% alcoholic solution. The amount of 
the pure substance was 2.0 g. 

Anal. Calcd.: C,49.5; H,6.2. Found: C,48.8; H,6.1. 
(4) Potassium Acetate.-19.1 g. of anhydrous potassium acetate and 15.1 g. of 

dichlorodioxane were dissolved in 70 cc. of dry acetic acid. The reaction was initiated 
by heating and proceeded vigorously with evolution of heat. The precipitated potas- 
sium chloride was filtered and the acetic acid was distilled off in uacuo. The brown oily 
substance thus obtained was distilled in high vacuum. After recrystallization from 
ether we obtained 4.8 g. of fine, white needle-shaped crystals, m. p. 104-105.5'. 

Anal. Calcd.: C, 47.1; H, 5.7. Found: C, 47.1; H, 5.9. 

Form 3 Form 4 

Form 5 Form 6 

Tetrach1orodioxane.-Thirty grams of dichlorodioxane was chlorinated during 
sixteen hours a t  130-150'. The fraction boiling below 102" (15 mm.) led to the follow- 
ing analyses: chlorine found, 63.1, and 63.1%; calcd., 63.1%. 6.4 mg. of the liquid was 
heated with 20 cc. of water in a closed tube in boiling water. Destruction with boiling 
water in an Erlenmeyer flask with reflux condenser is not possible, for the small quantity 
of the liquid creeps into the condenser, so that it is not attacked by the water. After the 
hydrolysis the quantity of the precipitate with dinitrophenylhydrazine was determined; 
this proved to be 18.0 mg., while the theoretically calculated amount for formulas 1 or 
2 is 19.0 mg. A test with pure dichlorodioxane under the same conditions showed that 
the amount of hydrazone experimentally found does not exceed 95% of the calculated 



value. These analyses, in addition to the fact that glycolic aldehyde can be indicated 
after the hydrolysis with water and that dinitrophenylhydrazine produces two different 
precipitations enable us to conclude that the choice must be between the formulas 
1 and 2. 

After chlorinating 50 g. of dichlorodioxane during twenty-four hours (140"). we 
obtained a niixture with a chlorine content of about 5.5Yo for 1 dioxane, out of which 
we could not separate any constant boiling fraction nor any crystals, notwithstanding 
the fact that we submitted the liquid to  very careful repeated fractionation. 

Hexachlorodioxane.-Forty grams of dichlorodioxane was chlorinated for about 
fifty hours a t  60'. From the second fraction hexachlorodioxane separated after cooling 
in ice (2  g., m. p. 89.5-91"). 

Anal. Calcd.: C, 16.3; H, 0.7; C1, 72.2; 0 ,  10.8; mol. wt.,295. Found: C, 
16.2; H, 0.9; (21.72.2; 0 ,  10.8; mol. wt., 300. 

The oxygen was determined by the direct method of ter Meulen, the mol. wt. by 
the method of Rast; all values are the average of a t  least two analyses. Forty grams of 
dichlorodioxane was chlorinated for about fifty hours a t  110'. After distillation we 
obtained a crystalline residue, which was purified from brown impurities by distillation 
in high vacuum. The melting point of the mixture thus obtained was 5460". 

Carefully fractionated precipitation by means of water, out of the alcoholic solution, 
was not adequate for the isolation of one of the components in pure condition; the 
compounds of which the mixture consists form rnixed crystals. The chlorine content of 
the mixture is about 76y0. 

Once inore we lay stress on the extreme stability of the hexachlorodioxane and the 
above-mentioned mixture of highly chlorinated products. The chlorine is not re- 
moved by boiling alcoholic potassium hydroxide or silver nitrate solution. The chemi- 
cal investigation of the structure of these compounds will therefore prove to be very 
difficult if not impossible 

Summary 

By chlorinating dichlorodioxane we isolated one liquid asymmetrical 
tetrachlorodioxane and a hexachlorodioxane. Higher chlorinated products 
are under study. I t  is highly probable that by long duration of the 
chlorination the ring structure is broken through. There are no indications 
of the existence of mono-, tri- and pentachlorodioxane. The stability of 
the chlorinated dioxanes increases greatly with increasing chlorine content, 
the stability of the hexachlorodioxane being so great as to prevent the 
investigation of its structure. The reaction products of dichlorodioxane 
with pyrocatechol, benzyl alcohol, diethyl ester of d-tartaric acid, and 
potassium acetate are isolated; no isomerides are found by these com- 
pounds, which is remarkable in face of the fact that glycol and trimethy- 
leneglycol both give isomerides. 

DELFT. HOLLAND 
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Notes 
The Formation of Aromatic Ethers from p-Nitrofluorobenzene 

In the course of an investigation on the oxidation of alcoholates with 
P-nitrofluorobenzene it was observed1 that the fluorine atom is remarkably 
labile and reacts readily with alkaline solution of the alcohols or phenols 
with nearly quantitative formation of ethers. We now find that this 
substitution of p-nitrofluorobenzene for p-nitrochlorobenzene in the older 
method for the production of aromatic ethers results in a more rapid reac- 
tion and usually also a better yield. In addition some of the substituted 
diphenyl ethers can be obtained easily from phenolic compounds and P- 
nitrofluorobenzene which are produced from 9-nitrochlorobenzene only 
with the greatest difficulty. Only rarely is the use of a catalyst neces- 
sary. Even with the nitrophenols, where Raiford and Colbert2 found p- 
nitrochlorobenzene to produce almost no yields of the dinitrodiphenyl 
ethers, p-nitrofluorobenzene gives 70-80% of the theoretical amount. 

Holleman and Beekmann3 reported the ease with which 2,4-dinitro- 
fluorobenzene reacts with sodium methylate to give 2,4-dinitroanisole, 
but in fluorobenzene itself they found the fluorine atom to be more firmly 
held to the benzene nucleus than chlorine. In 2-nitro-4-chlorofluoroben- 
zene Swartz found the fluorine atom more easily replaced than chl~rine.~ 

Experimental.-The production of ethers from p-nitrofluorobenzene is 
accomplished by three general methods as illustrated in the three following 
typical experiments. 

4-Nitroanisole.-To a cooled solution of 3 g. of potassium hydroxide in 20 cc. of 
warm methyl alcohol was added 7 g. (0.05 mole) of p-nitrofluorobenzene and the mix- 
ture shaken. The immediate exothermic reaction was complete in about ten minutes, 
whereupon the mixture was poured into water and the 4-nitroanisole separated and crys- 
tallized from ligroin (b. p. 90-110"); yield 7 g. or 93%. 

Ethyl, n-propyl, isopropyl, isoamyl, benzyl and phenylethyl alcohols and ethylene 
glycol behave6 in the same manner and produce equally good yields of the ethers. 

PNitrodiphenyl Ether.-To a cooled solution of 3 g. of potassium hydroxide in 15 
g. of molten phenol was added 7 g. (0.05 mole) of p-nitrofluorobenzene and the mixture 
heated in an oil-bath a t  150-160' for thirty minutes. The mixture was then poured 
into a dilute sodium hydroxide solution and the solid 4-nitrodiphenyl ether collected on a 
filter. It was recrystallized from alcohol or ligroin; yield 10 g. or 92%. 

By a similar procedure equally good yields of the corresponding substituted di- 
phenyl ethers were obtained by replacing the phenol with one of the three cresols, 
guiacol, hydroquinone monomethyl ether, p-chlorophenol, o-iodophenol, p-phenyl- 
phenol, p-tert-amylphenol and acetyl-p-aminophenol. 

(1) Continuation of the w o r k  of Dains, Suter and Kenyon. Dains and Suter. THIS JOURNAL, 

50,2733 (1928); Dains and Kenyon, ibid., 53,2357 (1931). 
(2) R a i f o r d  and Colbert, Tars JOURNAL, 48,2660 (1926). 
(3) Holleman and Beekmann, Rcc. trao. chim., 83, 249 and 254 (1904). 
(4) Swartz, Rcc. trao. chim., 35, 147 (1915). 
(5) The ether obtained here $ the mono-4-nitrophenyl ether of ethylene glycol. 



4,4'-Dinitrodiphenyl Ether.-Nine grams (0.05 mole) of the dry potassium salt of 
p-nitrophenol was heated with 20 g .  (13-g. excess) of p-nitrofluorobenzene and 0.2 g. 
of copper powder a t  200" for one hour. The excess of p-nitrofluorobenzene was re- 
covered by distillation in steam and the crude 4,4'-dinitrodiphenyl ether crystallized 
from ligroin; yield 11 g. or 85%. 

The dry potassium salts of m-nitrophenol, salicylic aldehyde, p-hydroxybenzalde- 
hyde and p-hydroxybenzoic acid, when substituted for the dry potassium salt of p- 
nitrophenol in the above procedure, produce approximately the same yields of the corre- 
sponding ethers. 

The dry potassium salt of o-nitrophenol, however, gives only 30% of the theoretical 
amount. 

Analyses,-Since some of the ethers prepared above are not recorded in the litera- 
ture, their melting points and analyses are here reported. 

Ether 

p-Nitrophenyl isopropyl (C9Hl103N) 
p-Nitrophenyl phenylethyl (CidH130aN) 
p-Nitrophenyl m-tolyl (CI~HI~O~N) 
p-Nitrophenyl o-iodophenyl (C~~H~OSNI)  
p-Nitrophenyl p-phenylphenyl (C18H1303N) 
p-Nitrophenyl 9-tert-amylphenyl (Ci;rH1oOaN) 
p-Nitrophenyl p-acetaminophenyl (CI~HIZO~NZ) 
p-Nitrophenyl m-nitrophenyl (C~ZH~O~NZ)  
2-@-Nitrophenoxy)-benzaldehyde (ClzHg04N) 

Nitrogen, % 
Calcb. Found 

7.73 7.70 
5.76 5.80 
6.11 6.12 
4.11 4.20 
4.81 4.85 4.89 
4.92 4.95 4.99 

10.30 10.30 
10.77 10.84 10.87 

5.76 5.83 5.96 

The Preparation of Vinyl Iodide 

Vinyl iodide is the one vinyl halide suitable for study because of its 
comparatively high boiling point and the absence of any marked polym- 
erizing tendency. An improved method for the preparation of vinyl 
iodide was used whereby the time of preparation was reduced and the yield 
increased from 18 to 35y0. 

Ethylene diiodide was prepared by passing a rapid current of ethylene 
through a number of flasks in series containing iodine dissolved in 80yo al- 
cohol in presence of a large excess of solid iodine. It was found advan- 
tageous to carry out this operation in the illumination supplied by a 500- 
watt lamp; 500 g. of iodine gave approximately 300 g. of product after the 
customary purification. 

Vinyl Iodide.-To 282 g. (1 mole) of ethylene diiodide was added 334 
cc. of 3 N sodium ethoxide. The distillate was collected a t  a temperature of 

(1 )  Baumann, Ann.,  163, 319 (1872). 



-30 to -50'. Distillation was continued with heating until no further 
separation of halide was observed on addition of a saturated solution of 
sodium chloride. Crude vinyl iodide was thus separated, washed with 
dilute sodium bisulfite solution, with water and finally dried over calcium 
chloride. On redistillation practically all the product passed over at a 
temperature of 56-56.5'. Approximately 50 g. was obtained. The re- 
fractivity was determined. Owing to the ease of oxidation of vinyl iodide 
the observations were made in an atmosphere of nitrogen. 

SPECIFIC GRAVITY 2.037 (20 O) 

Molecular Molecular 
Index of refraction refractiou 

Line refraction (found) (calcd.) 

Hydrogen (or) 1.53232 23.365 23.546 
Sodium (D) 1.53845 23.651 23.769 
Hydrogen (0) 1.55186 24.153 24.209 
Hydrogen (Y) 1.56468 24.495 24.706 

The Mechanism of the Reduction of Sulfonyl Halides by Phosphorus 
Tribromide 

In a recent paper, Hunter and Sorenson2 have stated that "previous 
work3 has shown that sulfonyl chlorides are not reduced by phosphorus tri- 
bromide." This is in error as Kohlhase showed (Table I and Experiment 
XI) that 3-nitro-6-methylbenzenesulfonyl chloride was reduced readily 
and in good yield to the corresponding disulfide. I t  is true that sulfonyl 
chlorides were reduced far less readily than the corresponding bromides. 

Kohlhase had concluded that the thiols formed in two instances of the 
reduction of sulfonyl derivatives by phosphorus trjbromide, resulted as 
follows 

RSSR + PBr, (RS)t.PBra 
(RS)2.PBrs + 4H20 --+ 2RSH + 3HBr +- HaPOa 

Hunter and Sorenson concluded that the mechanism is 

PBrs PBrs 4Hz0 
RSOzBr ----t RSBr ----t RSPBr4 + 2RSH + 4HBr + 2H3P04 

This interpretation seems rather convincing but Kohlhase3 showed that 
phenyl 3,5-dinitrobenzenethiosulfonate, treated with phosphorus tri- 
bromide and then with ether and water, gave a very good yield of 3,5-di- 

(1) Present address, Whipple, Arizona. 
(2) Hunter and Sorenson, THIS JOURNAL, 64, 3368 (1932). 
(3) Kohlhase, ibid., 64, 2441 (1932). 



nitrothiophenol. Here the intermediate formation of a sulfur bromide is 
hardly possible and the mechanism originally proposed by Kohlhase seems 
the only one available. It is quite probable that in these reductions of all 
RSOzX derivatives by phosphorus tribromide, both mechanisms may be 
operative, the relative speeds depending on conditions and on the nature of 
R and X, although the mechanism of Hunter and Sorenson is undoubtedly 
the chief one in most cases where a thiol is produced. 

SCHOOL OF CHEMISTRY RECEIVED NOVEMBER 7. 1932 
UNIVERSITY OF MINNESOTA PUBLISHED MARCH 7, 1933 
MINNEAPOLIS, MINNESOTA 

Notes on the Thompson-Oakdale Method for the Determination of 
Halogen in Organic Compounds 

The Thompson-Oakdale method* for the determination of halogen has 
been used with excellent results in hundreds of instances in our laboratories. 
However, the fact is not always recognized that the alkaline solution of the 
halide contains a considerable amount of sodium sulfite and consequently 
erroneous results may be obtained in the gravimetric estimation of the 
halogen due to the fact that the precipitated silver halide is apt to be con- 
taminated, possibly with silver sulfide formed by decomposition of silver 
sulfite. This difficulty may be obviated in the following manner. The 
alkaline solution to which sodium arsenite has been added in accordance 
with the original directions is poured into a beaker, cooled thoroughly and 
after the addition of about 5 cc. of superoxol or perhydrol, to oxidize the 
alkaline sulfite to sulfate, the mixture is stirred and boiled for a few minutes. 
The solution is then cooled, acidified with nitric acid and the halide pre- 
cipitated in the usual manner. 

In view of our observations on the use of this method by students it 
seems necessary to emphasize the fact that all of the halogen, especially 
in the case of iodine, cannot be driven through the condenser into the al- 
kaline solution unless the mixture in the Kjeldahl flask is boiled in such a 
manner that a continuous stream of steam passes through the apparatus for 
a short time. 

The potassium persulfate used must always be tested for perchlorate 
since many commercial brands of persulfate contain this impurity. Potas- 
sium persulfate, free from perchlorate, is now available commercially 
(Mallinckrodt Chemical Works). 

COLLEGE OF PHARMACY RECEIVED DECEMBBR 16, 1932 
DEPARTMENT OF CHEMISTRY PUBLISHED MARCH 7, 1933 
UNIVERSITY OF MICHIGAN 
ANN ARBOR, MICHIGAN 

(11 Thompson and Oakdale, THIS JOURNAL, 63, 1195 (1930). 



When the densities and indices of refraction of the alkyl iodoacetylenes 
are plotted against molecular weight i t  becomes apparent that the values 
for these constants reported for propyl iodoacetylene by Grignard and 
Perrichon [Ann. chim., 5, 5-36 (1926) 1 are seriously in error. 

This compound has been prepared in this Laboratory in 77y0 yield by 
the action of iodine on pentinylmagnesium bromide according to the 
procedure outlined by Grignard and Perrichon and has been found to 
possess the following properties: b. p. 67.0-67.5' at 35 mm.; 75-77O a t  51 
mm.; 7 2 5  34.22 dynes/cm. (maximum bubble pressure method); [PI, 
obs., 283.3; calcd., 281.3; ng 1.52231, 72:: 1.5310; dzs 1.6557; M K ~  
calcd., 36.54; obs., 35.73. These values for the index of refraction and 
density lie on their curves as determined from the other members of the 
series. 

DEPARTMENT OF CHEMISTRY RECENED JANUARY 11. 1933 
UNIVERSITY OF NOTRE DAME PUBLISHED MARCH 7, 1933 
NOTRE DAME, INDIANA 

COMMUNICATIONS TO THE EDITOR 
- 

HYDROGENOLYSIS OF ALCOHOLS TO HYDROCARBONS 
Sir: 

Recently we have found a method for the preparation of certain hydro- 
carbons which were not readily available. The reaction involved is the 
hydrogenolysis of a primary alcohol according to the equation RCHzOH + 
2Hz = RH + CHI + HzO. The reaction proceeded smoothly with duo- 
decanol-1, tetradecanol-1, octadecanol-1 and 3-cyclohexylpropanol-1, 
from which were obtained n-undecane [b. p. 189-190' (740 mm.), n g  
1.41641, n-tridecane [b. p. 84-85' (3 mm.), ng 1.4250, m. p. -7-8'1, n- 
heptadecane [b. p. 290-292O (738 mm.), ng 1.4360, m. p. 20-21°], and 
ethylcyclohexane [b. p. 127-128' (738 mm.), ng 1.43101. Similarly the 
diprimary glycol, decanediol-l,lO, by the removal of both carbinol groups 
was converted into n-octane Ib. p. 121-123' (742 mm.), n g  1.39751. 

Hydrogenolysis was accomplished by subjecting 40 to 50 g. of the alco- 
hol or glycol for about five hours to the action of hydrogen (100 to  200 
atmospheres) a t  250° over a nickel catalyst. The reaction proceeded al- 
most quantitatively and no product other than the indicated hydrocarbon 
was found in any case. In some experiments a small amount of the origi- 
nal alcohol or glycol was recovered. [The catalyst and apparatus have 



been described in THIS JOURNAL, 54, 4116 (1932), and Ind. Eng. Chew., 
Anal. Ed., 4, 342 (1932).] 

Secondary alcohols also undergo hydrogenolysis but in this case the re- 
action involves the cleavage of a carbon to oxygen rather than a carbon to 
carbon bond, i. e., RzCHOH + Hz = RzCHz + HzO. This type of re- 
action giving a hydrocarbon of the same carbon content as the alcohol 
is not novel; in fact it has been regarded as the normal reaction for primary 
as well as secondary and tertiary alcohols. The reaction proceeds smoothly 
under the conditions described above. For example, cyclohexane (m. p. 
4-5', ng 1.4260) and n-octane were the only hydrocarbons obtained by 
the hydrogenolysis of cyclohexanol and octanol-2. 

The primary-secondary glycol octadecanol-1 ,12, CH3(CH2)5CHOH- 
(CH2)loCHzOH, as would be anticipated from the results stated above, 
underwent carbon to oxygen cleavage a t  the secondary carbinol, and car- 
bon to carbon cleavage a t  the primary carbinol, with the formation of n- 
heptadecane, C17Hg. The glycol I293 g., m. p. 67-69', b. p. 200-208' 
(4 to 5 mm.) J was obtained by hydrogenation of castor oil (500 g.) over 
copper-chromium oxide catalyst (35 g.) for nine hours at 250' under 200- 
300 atmospheres pressure. The product so obtained was not completely 
homogeneous, as evidenced by its physical constants and the fact that in 
addition to the main product, n-heptadecane, a small amount of an un- 
identified hydrocarbon was obtained in its hydrogenolysis. 

The primary alcohols and decanediol-l,l0 subjected to hydrogenolysis 
were prepared from the ethyl esters of the corresponding acids through the 
action of hydrogen over a copper-chromium oxide catalyst [THIS JOUR- 
NAL, 54,4678 (1932)l. Both of the steps in the conversion of an ester to a 
hydrocarbon containing one less carbon atom than the acyl group of the 
ester can be accomplished by using a mixture of the two catalysts, i. e., 
copper-chromium oxide and nickel. However, our experience indicates 
that i t  is preferable to carry out the operation in two stages since the water 
formed in the second step prevents the completion of the first reaction. 

LABORATORY OF ORGANIC CHEMISTRY BRUNO WOJCIK 
UNIVERSITY OF WISCONSIN HOMER ADKINS 
MADISON, WISCONSIN 

RECEIVED JANUARY 23, 1933 PUBLISHED MARCH 7, 1933 

A NEW CONDENSATION REACTION OF THE THIOPHENOLS 

Sir: 
In view of the recent increase of interest in mercaptan chemistry, both 

in this country and abroad, we should like to report briefly upon a new re- 
action of the thiophenols, the investigation of which has been carried for- 
ward in this Laboratory during the past two years. 

We have found that phenyl mercaptan itself, and many substituted 
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thiophenols, as well as benzyl mercaptan, undergo condensation in boiling 
1,4-dioxane solution with such condensed ammonia-aldehydes as hexa- 
methylenetetramine and hydrobenzamide, only part of the nitrogen of the 
base being eliminated as ammonia. The products are crystalline sub- 
stances (except in a very few cases) which may be considered as substituted 
trimethylamines. The following typical examples of the reaction will 
serve to illustrate 

(CHI)GNI + 6CsHbSH -+ ZN(CI-I?SCe,Ha)a + 2NHa 

The only analogous reactions which we have been able to find reported 
in the literature are those of hexamethylenetetramine with such weak 
acids as HCN [Eschweiler, Ann., 278, 230 (1894)l and N-nitromethyl- 
amine [Franchimont, Rec. trav. chim., 29, 355 (1910)], where a similar 
condensation takes place. 

We are continuing our investigations and hope very shortly to be able to 
publish a detailed report of the work. 

FRICK CHEMICAL LABORATORY GREGG DOUGHERTY 
PRINCETON UNIVERSITY WENDELL H. TAYLOR 
PRINCETON, NEW JERSEY 

RECEIVED JANUARY 28, 1933 PUBLISHED MARCH '7, 1933 

ON TEE MAXIMUM ROTATIONS IN THE HOMOLOGOUS SERIES OF a-BROMO 
ACIDS 

Sir: 
In the course of our work on the shift of the molecular rotations of mem- 

bers of homologous series, we were in need of resolving a-bromobutyric 
and a-bromocaproic acids to the maximum. The a-bromopropionic acid 
had already been resolved to the maximum of [MI$ -43.6' by Ramberg 
[Ann., 370, 234 (1909)] through the cinchonitie salt. 

We succeeded in resolving the a-bromobutyric acid through its brucine 
salt to [MI% +59.62' and a-bromocaproic acid through its strychnine 
salt to [MI% -71.45', thus showing that in this homologous series the 
values of the rotations of the individual members increase progressively. 
The progress in the case of the methyl esters was similar, being 83, 92 
and 104', respectively, for the three esters. 

These results were obtained nearly a year ago and remained unpublished 
for the reason that they were intended to be part of a comparative study 
of the rotations of the corresponding a-hydroxy and a-amino acids. 

We wish to record the results at  this time for the reason that in the cur- 
rent number of the Journal fur pmktische Chemie there appeared an article 
by Ahlberg [J. prakt. Clzern., 135, 335 (1932)j devoted exclusively to the 



resolution of a-bromobutyric acid. The author failed to accomplish 
resolution by means of the brucine salt, but by means of the strychnine 
salt obtained a value for the maximum rotation lower than ours and of 
opposite sign, namely, [MJE - 54.0'. 

It is interesting to note that through the strychnine salts both acids lead 
to active acids rotating in the same direction. 

It may also be mentioned that a-bromobutyric acid had previously been 
resolved by Levene, Mori and Mikeska [J. Biol. Chem., 75, 337 (1927) ] to 
a degree somewhat higher than that of Ahlberg. 

THE ROCKEFELLER INSTITUTE P. A LEVENE 
FOR MEDICAL RESEARCH 
NEW YORK, N Y. 

RECEIVED FEBRUARY 2, 1933 PUBLISHED MARCH 7, 1933 

THE ROTATION OF MOLECULES OR GROUPS IN CRYSTALLINE SOLIDS 

Sir: 
In continuation of earlier studies of the possibility of rotation of mole- 

cules or groups in crystalline solids [Smyth and Hitchcock, THIS JOURNAL, 

54,4631 (1932) ; ibid., 55, in press (1933) ; Kamerling and Smyth, ibid., 55, 
462 (1933)], the dielectric constants of hydrogen sulfide, ammonia and 
methyl alcohol have been measured from - 190' to a few degrees above the 
melting points over a frequency range of 300 to 60,000 cycles. In solid 
hydrogen sulfide two sharp transitions are shown by the dielectric constant 
a t  - 146.7' and - 170.0°, in excellent agreement with the values just re- 
ported by Kemp and Denison [THIS JOURNAL, 55, 251 (1933) ]. The di- 
electric constant of the solid, higher than that of the liquid, shows almost 
free molecular rotation above the lower transition. Below it, there ap- 
pears to be practically no dipole rotation. The behavior of hydrogen sul- 
fide is thus similar to that of the hydrogen halides and in marked contrast 
to that of ice. 

The low dielectric constant of solid ammonia in contrast to the high 
value of the liquid and its small decrease with decreasing temperature 
show that the molecule behaves like large molecules, such as those of ni- 
trobenzene, in possessing little or no rotation in the solid, thus differing 
from all the small molecules previously investigated by means of dielectric 
constants. The dielectric constant of solid methyl alcohol near the melting 
point is much lower than that of the liquid but high enough to give evi- 
dence of some dipole rotation, which decreases sharply a t  a transition 
point - 114.0°, a value close to the average of those found from specific 
heat measurements, - 115.7' by Kelley [THIS JOURNAL, 51, 180 (1929) 1, 
and - 112.0' by Parks [ibid., 47, 338 (1925)l. Under conditions such that 
a glass is probably formed, a change of dielectric constant with frequency is 
found. Higher alcohols are being investigated in order to learn whether 
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the dipole rotation is a limited rotation of the entire molecule or merely 
of the hydroxyl group. 

FRICK CHEMICAL LABORATORY C. S HITCHCOCK 
PPINCETON UNLVERSXTY C. P SMYTH 
PRINCETON, NEW JERSEY 

RBCEIVED FEBRUARY 8, 1933 PUBI~ISHRD MARCH 7,1933 

THIE ACTION OF BROMINE AND BUTADBNE 

Sir: 
Dr. H. Eyring has presented calculations in a paper given before the 

Section of Chemistry of the American Association for the Advancement of 
Science which indicated that addition of bromine to butadiene should be 
1 4  rather than 1-2. The high energy of activation also indicated that 
the reaction should not occur in the gas phase. At the request of Doctors 
Taylor and Eyring, experiments have been made which show that on mix- 
ing gaseous butadiene and bromine in the ratio of 1-1 or 1-0.5 with from 
15-20 volumes of nitrogen a reaction occurs and that crystals of thc 1,4- 
dibromo-Pbutene are formed. The melting point of the unpurified crys- 
tals was 53' (very sharp), which is identical with that reported in the litera- 
ture. A mixture of the product with 1,2,3,4-tetrabromobutane melted 
from 30 to 48'. On carrying out the reaction in the same bulb which had 
been previously coated with paraffin, the rate of the reaction was very 
markedly reduced. This fact together with the observation that no fog 
or smoke formed in the uncoated reaction sphere leads to the conclusion 
that the reaction occurs on the surface. The kinetics of the reaction on 
glass and surfaces are being studied and details of the experiments will be 
reported later. 

SCHOOL OF CHEMISTRY G.  B. HEISIG 
UNIVERSITY OF MINNESOTA 
MINNEAPOLIS, MINNESOTA 

RECEIVED FEBRUARY 20,1933 PUBLISHED MARCH 7,1933 

THE ISOTOPE OF HYDROGEN 

Sir: 
With the aid of Dr. R. T. Macdonald I have been attempting to isolate 

various isotopes. Less than a month ago we turned our attention to the 
isotope of hydrogen. Our first experiments, employing a difference in 
overvoltage suggested by the work of Washburn and Urey, were so promis- 
ing that we at  once planned a systematic series of concentrations which 
has just been completed. This yielded water of specific gravity 1.035, 
which means that the heavy isotope constitutes one-third of all the water 



present. The refractive index of this heavy water is considerably lower 
than that of ordinary water, but exact figures cannot be given until the 
concentration has been accurately determined. 

The separation of any isotope in sufficient quantity to permit investiga- 
tion not only of its spectroscopic but also of its other chemical and physical 
properties suggests a wide range of interesting experiments but the isotope 
of hydrogen is, beyond all others, interesting to chemists. I believe that 
i t  will be so different from common hydrogen that it will be regarded almost 
as a new element. If this is true the organic chemistry of compounds 
containing the heavy isotope of hydrogen will be a fascinating study. 

DEPARTMENT OF CHEMISTRY GILBERT N. LEWIS 
UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 

RECEIVED FEBRUARY 23, 1933 PUBLISHED MARCH 7, 1933 

NEW BOOKS 

Life and Experiences of a Bengali Chemist. By PRAFULLA CHANDRA RAY. Chucker- 
vertty, Chatterjee and Co., Ltd., 15 College Square, Calcutta, India, 1932. x + 
557 pp. 14 X 22.5 cm. 

This is an interesting and inspiring account of what a chemist's life can be. The 
first half of the book (Part I) is explicitly autobiographical. I t  describes in nearly 
chronological order: the author's early years on his father's estate in Bengal and a t  
school in Calcutta; his student days under Crum Brown at Edinburgh; his return to 
become a professor of chemistry a t  Presidency College a t  Calcutta; his life as a teacher; 
his establishment during his spare time of the Bengal Chemical and Pharmaceutical 
Works, Ltd., now one of the great industrial concerns of India; his studies in the 
history of Hindu chemistry; his extensive experimental researches; finally, his manifold 
and multifarious activities in the public service. 

The second half of the book (Part 11) is only autobiographical; it contains 
numerous essays on educational, industrial, economic and social subjects. They not 
only serve to define the author's personality and point of view but they are also of the 
greatest interest, particularly to a far-away American, for the light they throw on the 
problems of present-day India. The author attacks scathingly the caste system that 
hangs as a millstone about India's neck and the ignorance and superstition of many of 
the Hindus. But his fiercest invective is launched against the spiritlessness and supine- 
ness of his fellow Bengali. As regards the British-Indian government he reaches, al- 
though by a different route and disagreeing with him in many vital points, the same posi- 
tion of non-cooperation championed by his compatriot Gandhi. 

To the readers of this autobiography it is clear that, while Sir P. C. Ray has been 
a great scholar, chemist, teacher and administrator, these activities have been to him 
of secondary importance; he has been first, last and all the time a patriot- Hindu and 
a Bengali. And he dedicates this account of his life, his opinions and his hopes for his 
country "To the Youth of India," 

ARTHUR B. LAMB 
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Kettenreaktionen. (Chain Reactions.) By KLAUS CLUSIZTS. Verlag von Gebriider 
Rorntraeger, W 35, Schoneberger Ufer 12a, Berlin, Germany, 3932. iv +- 73 pp. 
24 figs. 16.5 X 25 cm. Price, to subscribers, RM. 9.60; separately, RM. 12.80. 

This is a brief review covering the field of gaseous chain reactions. The author 
starts by a description of the general characteristics of chain reactions and outlines the 
principles of their kinetic analysis. This is followed by a more detailed consideration 
of a few typical stationary chain reactions of the photochemical and thermal kind, to 
which some 20 pages is allotted. The remaining 30 pages are devoted to the non- 
stationary chain reactions, chiefly to the phenomena of the lower and thc upper critical 
explosion pressure limits. Some rather disconnected bits of information on experi- 
mental technique are scattered through the text. 

The presentation is far from exhaustive, but in the limited space used by the 
author one wuld hardly expect more material to be covered. The booklet will give a 
fair concept of the present status of the knowledge in the field of chain reactions to a 
reader already familiar with the principles of the kinetic treatment of reaction velocities. 
No serious mistakes have been noticed, but the reviewer feels that the fundamental work 
of Semenoff on the theory and experiment of the critical explosion limits and of non- 
stationary chains in general has not been sufficiently stressed by the author. 

G .  B. KISTIAKOWSKY 

Elektrolyte. (Electrolytes.) By Dr. HANS FALKENHAGEN, Professor a t  the University 
of Cologne. Verlag von S. Hirzel, Konigstrasse 2, Leipzig, Germany, 1932. xvi + 
346 pp. 104 figs. 17.5 X 25.5 cm. Price, Mk. 23: bound, Mk. 24.80. 

One of the most important and significant of recent advances in chemical theory 
has been the deeper insight into the nature of solutions of electrolytes which we owe to 
Debye and others who have been inspired by his leadership. Although others had con- 
ceived the idea that the fundamental weakness of the classical dissociation theory of 
Arrhenius was the neglect of the electric forces of attraction and repulsion between ions, 
Debye was the first to devise a mathematical technique adequate to predict quantita- 
tively the effect of these forces on the measurable properties of solutions. This book is 
so permeated with the ideas of Debye that it is to be regretted that the publisher did not 
provide a portrait of Debye as a frontispiece. 

Debye in a foreword says, "It is manifest that the time has now arrived to present 
the theory of electrolytes as developed up to the present time as a coherent whole and 
from a consistent point of view. That has been done in this monograph and 1 am grate- 
ful that such an expert as Falkenhagen, who himself has made such valuable contribu- 
tions to the development of the theory, has undertaken this troublesome task." 

The work opens with nearly one hundred pages devoted to fundamental definitions 
and a discussion of the strength and weaknesses of the older classical theory and the 
activity concept. Then follows a systematic mathematical development of the new 
theory in a manner which is clearer and easier to follow than it is in the scattered original 
literature. The seventh chapter derives the basic equations of the theory which describe 
the so-called ionic atmosphere and the time of relaxation of this atmosphere. 

The next chapter is devoted to the thermodynamic properties of solutions. The 
concept of the activity coefficient which was originally developed empirically as a meas- 
ure of the deviation of real solutions from the hypothetical ideal solutions is given a firm 
theoretical basis and applied to the colligative properties of solutions and to the influence 
of added electrolytes on the dissociation of weak acids (neutral salt effect) and on the 
solubility of other salts or non-electrolytes (solubility product law and salting out ef- 
fects). The heats of dilution of solutions are also discussed in this chapter. 



The ninth chapter is devoted to the electric conductance of solutions--a field in 
which the new theory has led to important advances because the Debye point of view 
differs so fundamentally from that of Arrhenius. The square root law for the variation 
of the conductance of extremely dilute solutions with the concentration which was long 
ago discovered empirically by Kohlrausch has been derived theoretically by Debye and 
later in an improved manner by Onsager. Debye and Falkenhagen have predicted that 
a t  very high frequencies the conductivity would depend on the frequency and this pre- 
diction has been verified experimentally after it was made. Finally Wien's experimental 
demonstration that Ohm's law fails a t  very high voltages has been shown to be a conse- 
quence of the new theory. 

The tenth chapter is devoted to the viscosity of solutions-a field in which the 
theoretical development is due chiefly to Falkenhagen. 

The greatest weakness of the Debye theory in the early stages of its development 
was that the mathematical difficulties of a rigid development compelled the introduction 
of inexact assumptions for the sake of simplification and as a consequence the resulting 
equations were only valid for extremely dilute solutions. The eleventh chapter shows 
substantiai and encouraging progress in conquering these difficulties. The attempts to 
distinguish between the dissociated and undissociated fraction of the electrolyte by op- 
tical means (absorption spectra, refractive index, Raman effect) are discussed. The 
work ends with an account of the application of statistical methods to the problem by 
Fowler and by Kramers. 

The title "Elektrolyte" may be misleading as i t  tends to give the impression that 
the work is a comprehensive discussion of all properties of solutions, whereas some 
properties of solutions, such as the compressibility, the coefficient of expansion, and diffu- 
sion coefficients, which have not yet been interpreted by the new theory are not dis- 
cussed. It is, however, surprising that a discussion of transference numbers is omitted. 
One of the outstanding weaknesses of the Arrhenius theory is that it predicts that trans- 
ference numbers should be independent of the concentration whereas it has long been 
known that in general transference numbers do vary with the concentration and this is 
an obvious corollary of the new theory of conductance and therefore would seem to 
merit comment in this book. 

Citations to the original literature are of course given abundantly in the footnotes 
but the author relegates too much important and interesting discussion to the footnotes, 
which are printed in such small type that many users of the book will be unable to read 
the footnotes without eyestrain. Thus for example Bronsted's interesting views as to 
the nature of acids and bases and as to the mechanism of acid and base catalysis are dis- 
cussed in a footnote which extends over three pages. 

However, these criticisms concern minor matters. The book as a whole gives an 
admirable, systematic and substantially complete presentation of the new interionic 
attraction theory as developed up to the early part of 1932. It will be extremely helpful 
to anyone who wishes to acquire a really up-to-date knowledge of electrochemistry. It 
will be indispensable to research workers in this field and will unquestionably catalyze 
further development of our knowledge of solutions. 

GRINNELL JONES 

Applied x-Rays. By GEORGE L. CLARE, Ph.D., Professor of Chemistry, University of 
Illinois. Second edition. McGraw-Hill Book Company, Inc., 330 West 42d Street, 
New York, 1932. xiv + 470 pp. Illustrated. 15 X 23.5 em. Price, $5.00. 

The second edition of Applied X-Rays has been largely rewritten and expanded to 
nearly twice the size of the first edition. The general scope of the book has remained 
the same, although much new material has been included. As the author states in the 
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first edition, "the book aims to tell what this new tool is, how it may be used, what re- 
sults it produces, why it can be applied to practical problems of everyday life, and how 
industry is beginning to use it.'" 

Part 1 comprises properties of x-rays, x-ray equipment, spectra, chemical analysis 
from x-ray spectra, absorption and scattering, radiograph

y

, and the physical, chemical 
and biological effects of x-rays. Part I I  is devoted to the x-rav analysis of the ultimate 
structure of materials. It includes crystals and x-ray diffraction, experimental methods, 
interpretation of diffraction patterns, results of crystal analysis for elements and in- 
organic con~pounds, crystal chemistry, structure of alloys, crystal structure of carbon 
compounds and several specialized subjects such as grain size and orientation, applica- 
tions to metaliurgicai probiems, colloidal and amorphous materials, liquids azd pnly- 
merized organic substances 

Part I1 contains a wealth of diverse material much of which is not to be fo&d ex- 
cept scattered through the various journals. Throughout the book the treatment is de- 
scriptive and suggestive rather than detailed or theoretical. For example, the lay reader 
is given a rather clear idea as to how the structure of crystalline materials is worked out 
but in a general way not in detail. However, for the large group of readers who are 
rnore interested in knowing how x-rays can be used in various problems and what re- 
sults have been obtained by their use, this book will be of the greatest value. To this 
large group of readers the book is to be highly recommended. 

BERTRAM E. WARREN 

Methoden der Kristallstrukturbestimmung rnit Rantgenstrahlen. I Bd. Die Laue- 
methode. (Methods for the Determination of the Structure of Crystals by Means 
of Rontgen Rays. Vol. I. The Laue Method.) By Dr. E. SCHIEBOLD, Professor 
a t  the University of Leipzig. Akademische Verlagsgesellschaft m. b. H., Mark- 
grafenstrasse 6, Leipzig C 1, Germany, 1932. xii + 173 pp. 63 figs. 16.5 X 
24.5 cm. Price, X l .  12; cardboard cover, M. 13. 

The Laue method is the first of a series of three monographs on the methods of crys- 
tal structure determination by x-rays. Vol. 11, "The Rotating Crystal Method" is 
now in press, and Vol. 111, "Debye-Scherrer and Powder Method," is in preparation. 

The Laue method was chosen as the subject of the first volume of this series as 
being the original diffraction method. The author's long years of experience with this 
method and its practical application to crystal structure determination make him well 
qualified to write this monograph. The subject matter includes the experimental tech- 
nique of the Laue method, the indexing of Laue patterns by analytical and graphical 
methods, crystal symmetry, determination of the lattice constants, the Bravais lattice. 
space groups, intensity of the diffraction spots, arrangement within the unit cell and 
parameter determination. Chapter V on the intensity of the diffraction spots contains 
56 pages and comprises a rather complete summary of the more important factors which 
enter this phase of the problem. 

It is strange that although the graphical method of the gnomonic projection is in 
practice the simplest method of indexing Laue patterns, and almost exclusively the 
method used in this country, the author should have passed over this subject in a few 
pages and devoted 24 pages to the indexing by analytical methods. ActuaUy this is 
probably a good point, in that one has here what is not generally found in discussions 
of the Laue method, and furthermore one glance at  the 24 pages of wearisome trigono- 
metric equations and laborious analytical calculations is the most convincing way of de- 
ciding that the graphical method justly deserves the popularity which i t  has always en- 
joyed in this country. Vector notation is used very little and the non-mathematically 
minded reader will have no trouble. 



The paper and binding are good and the printing and reproductions clear, but in the 
copy reviewed the printing rubbed rather badly under finger touch. 

BERTRAM E. WARREN 

The Catalytic Oxidation of Organic Compounds in the Vapor Phase. By L. F. MAREK, 
Massachusetts Institute of Technology, and DOROTHY A. HAHN, Ph.D., Mount 
Holyoke College. American Chemical Society Monograph Series. The Chemical 
Catalog Company, Inc., 419 Fourth Ave., New York, 1932. 486 pp. 60 figs. 
16 X 23.5 cm. Price, $9.00. 

The great industrial importance of organic gas-phase oxidation processes has re- 
sulted in the recent accumulation of a vast amount of more or less empirical data, much 
of which is hidden in the patent literature and in obscure technological publications. 
At the same time, there has been a marked development in the theoretical viewpoint of 
the nature of contact catalysis, and the concept of chain reactions has been applied to 
gas-phase oxidations with significant results. 

However, there has been no adequate review of this field as a whole since the books, 
published ten or more years ago, by Rideal and Taylor, Sabatier and Reid and Falk. 
In  supplying this deficiency, "it has been the purpose of the authors to consider the facts 
regarding both developed and undeveloped processes and to review these critically in 
so far as possible." 

The result, this present volume, contains a complete survey of the general literature, 
an excellent critical selection of patents, and numerous valuable private communica- 
tions: a total of nearly 2000 references. All organic gas-phase oxidations, whether 
known to be catalytic or not, have, quite sensibly, been considered; moreover, much 
relevant information on liquid-phase oxidations is included. In addition, many closely 
associated parallel reactions such as dissociation, polymerization, hydration, etc., are 
reviewed in order to complete the picture. 

Thus, a chapter on the thermal decomposition of ethyl and the higher alcohols 
precedes one on their oxidation, and a complete review of the reactions of the water gas 
system introduces a study of the oxidation of methanol to formaldehyde. The paraf- 
fins from methane to pentane are of particular interest owing to "the tremendous pos- 
sibilities offered for conversion to valuable chemicals," and their oxidation is considered 
in detail. Other chapters deal specifically with the production of hydrogen from 
methane, and with surface combustion. The oxidation and hydration of the lower 
olefins and acetylene are reviewed together. A chapter on the oxidation of petroleum 
oils deals with the aliphatic hydrocarbons heavier than pentane. Additional data on 
the members of the gasoline range, together with reviews of ignition temperatures, oxi- 
dation mechanism and inhibition (for which the authors continue, a t  times, the use of the 
unfortunate term "negative catalysis") are found in a special section, "The Cause and 
Suppression of Knocking in Internal Combustion Engines." Aromatic compounds 
are reviewed in three chapters, devoted principally to the oxidation of benzene and 
naphthalene. Finally, there is a discussion of the apparatus used in commercial proc- 
esses. Throughout these chapters the authors have by no means restricted the citations 
to work dealing specifically with the subjects in question, but have included numerous 
references to matters of allied interest. 

A general description of the characteristics of gas-phase catalysis and its theoretical 
background is given in a brief introductory chapter. Further references to theory are 
found at  intervals throughout the book, but'on the whole the treatment of this aspect 
has been subordinated to the presentation of practical or experimental facts. The 
authors acknowledge that "In many cases, the discussion could not be made as critical 
as desired, because of trade secrecy. . . , the multiplicity of conditions used. . . , and the 
paucity of data." 



The immense amount of diverse material covered necessarily entails a certain de- 
gree of confusion in its presentation, which in this case is augmented by the fact that the 
chapter headings in the Table of Contents have not been subtitled, as is customary in 
these Monographs and as was done so effectively in the classic treatise of Sabatier and 
Reid. Moreover, there are no author and patent indexes. 

I n  spite of these deficiencies, this volume undoubtedly constitutes a valuable refer- 
ence work, complete and up-to-date As a time-saving source-book alone, it may well 
be worth many times its high price. 

HAROLD A. BEATTY 

Applied Colioid Chemistry. General Theory. By WILDEB D. BA~~CROFT, World War 
Memorial Professor of Physical Chemistry a t  Cornell University. Third edition. 
McGraw-Hill Book Company, Inc., 330 West 42d Street, New York, 1932. ix f 
544 pp. Illustrated. 14.5 X 21 cm. Price, $4.00. 

Bancroft's third edition of Applied Colloid Chemistry is the "Golden Bough" of 
the subject and Bancroft is its Frazer. He has brought the book up to date in countless 
details and added over 10% to the pages of the second edition (1926). Everything which 
is even remotely connected with the colloid state is given at least a brief reference  
and some things which are not. The original 60 things which he said one can only know 
about after understandig colloids, have had one change (pharmacy becomes pharma- 
cology) ; one addition, medicine, and one apparent addition, for "it now looks as though 
insanity were primarily a problem in colloid chemistry." 

The book is interesting because it makes such an enormous number of natural 
phenomena seem more or less interrelated and within the colloid family. Everyone 
who wants to study colloidal chemistry thoroughly ought to possess it. The author 
probably reads more widely in chemistry than any other person who also writes, and he 
adds a great deal to his subject through his own experiments and those of his students. 
He is neither dogmatic nor captious but rather eclectic, and the book contains more 
references to the literature than any other book I have read. The data on "Thickness 
of Surface Films" (chapter XVII) have been about doubled. 

W. R. WHITNEY 

The Free Energies of Some Organic Compounds. By GEORGE SUTTON PARKS, ASSO- 
ciate Professor of Chemistry, Stanford University, and HUGH MARTIN HUFFMAN, 
Assistant Professor of Biochemistry, California Institute of Technology. American 
Chemical Society Monograph Series. The Chemical Catalog Company, Inc., 419 
Fourth Ave., New York, 1932. 251 pp. Illustrated. 15.5 X 23.5 cm. Price, S.50.  

In this book the authors have given a complete and fairly detailed account s f  the 
measurements that have been made on the free energies of organic compounds. This 
alone would make the book a valuable contribution to chemical literature, but they 
have enhanced its importance by including a system whereby the free energies in the 
liquid state of most of the simpler types of organic compounds can be calculated from 
their structures. Even for so complicated a substance as mannitol the calculated and 
observed values differ by only 1500 calories. When, as in eicosane, the calculated values 
differ by more than 10,000 calories the authors boldly claim the greater accuracy for the 
calculated value. The reviewer believes that future experiments will confirm the 
authors' conclusion. 

The free energy increment per methylene group for gaseous olefms is less than the 
common value for liquid paraffins and liquid fatty acids. This result appears improb- 
able, as the free energy increment per methylene group should be greater in the gaseous 
than in the liquid state. The increment for the olefins may easily be in error, for i t  is 
calculated from the free energy difference between the first and fifth members of the 



series. This difference is too small for accuracy. Further, the calculation of the free 
energy increment per methylene group should not involve the first member of a series, for 
first members often have anomalously high free energies. 

The American Chemical Society is to be congratulated on this valuable and in- 
teresting addition to its monographs. 

GERALD BRANCH 

Jahrbuch der organischen Chemie. (Yearbook of Orgaaic Chemistry.) By Professor 
Dr. JULIUS SCHMIDT, Stuttgart. Vol. XVIII, 1931. Verlag von Franz Deuticke, 
Relferstorferstrasse 4, Wien, Austria, 1932. xix + 345 pp. 17.5 X 25.5 cm. 
Price, M. 36; bound, M. 39. 

The Jahrbuch has attained maturity. In celebration of the twenty-fifth anni- 
versary of the first issue, Professor Schmidt has added to the present volume a foreword 
in which he reviews his struggle to keep the series alive despite war and depression, and 
expresses his joy and pride in its final success. The pride is justifiable; the author can 
be congratulated whole-heartedly on his achievement. He has steadily reported in his 
Jahrbuch all researches in organic chemistry that were manifestly significant, and year 
by year his reports have followed the trends of the investigators, faithfully reflecting the 
great interest in natural products and in the application of new physical methods 
The latest volume is the best of the series. 

E. P. KOHI.ER 

Qualitative Organic Analysis. An Elementary Course in the Identification of Organic 
Compounds. By OLIVER KAMM, Scientific Director, Parke, Davis and Company. 
Second edition. John Wiley and Sons, Inc., 440 Fourth Ave., New York, 1932. 
ix +311pp. 15.5 X 23.5cm. Price.962.75. 

The second edition of this well-known textbook should be most welcome, not only 
to those already familiar with the earlier issue, but also to all organic chemists who wish 
up-to-date information in this fundamentally important field. 

The general outline, arrangement of the material and method of presentation re- 
main practically the same as in the first edition, the book being divided into a Theoretical 
Part (A), Laboratory Directions (B) and Classified Tables of Compounds (C). A sub- 
ject index concludes the book. On the inside of the back cover is pasted a Solubility 
Table showing just how solubilities are used as the basis for the primary division of or- 
ganic compounds into main groups. 

The systematic procedure in the identification of an unknown remains as before, 
namely: 1, physical examination; 2, a determination of constants; 3, elementary 
analysis; 4, solubility tests; 5, determination of homologous series; 6, consultation of 
literature, tables, etc.; and 7, preparation and identification of derivatives. 

Like most of the Wiley publications, type and paper are excellent, the proof-reading 
has been well done, and the few typographical errors noted are not serious. 

The following comments are offered: (1) Amide Formation (pages 60, 186, etc.).- 
The student should be cautioned not to pour a large amount of concentrated ammonium 
hydroxide solution upon a liquid ester (for example, ethyl oxalate) in a test-tube, for the 
violence of the reaction may hurl the material into his face. (2) Coupling of Heteuo- 
cycles (page 73).-While it is true that the nitrogen heterocycles themselves do not 
ordinarily couple with diazonium salts, this is not the case with all of their derivatives, 
many of which (notably the hydroxyl derivatives) yield dyes which have been patented. 
(3) Diary2hydrazines (page 73).--The difference in basicity and in other properties be- 
tween the sym. and the asym. diphenylhydrazines should be pointed out, because the 
latter are used subsequently in certain reactions. (4) Proteins (page 97).-The xantho- 



protein reaction is described as "a common test for the phenolic group." (5)  1.2- 
Diketones (page 108),-The inclusion of the quinoxaline (or phenazine) reaction is recom- 
mended as a test for these diketones, since this condensation generally occurs instan- 
taneously and quantitatively in alcoholic solution with o-phenylenediamine, the products 
are crystalline, easily purified and of sharp melting point. I t  is generally simpler and 
much more satisfactory than the benzilic acid rearrangement, and is, of course, equally 
useful in the identification of 1,2-diamines. 

MARSTON TAYLOR BOGERT 

Aluminiumchlorid in der organischen Chemie. (Aluminum Chloride in Organic Chem- 
istry.) By GEORG KRANZLEIN, I. G. Iiarbenindustrie A.-G., Hoc-hst am Main. 
Second, revised and enlarged edition. Verlag Chemie, G .  m. b, H., Cornelius- 
strasse 3, Berlin W 10, Germany, 1932. 143 pp. 16 X 23.5 cm. Price, Mk. 12. 

In this handy volume the author presents an excellent picture of the role of alumi- 
num chloride in organic chemistry-its service in synthesis; its action in reactions 
which involve reduction, dehydrogenation, rearrangement, polymerization or cleavage; 
and its technical applications. The various modes of action are illustrated with care- 
fully selected examples, and supported with very many references to the literature. 

Monographs on special topics in organic chemistry are becoming increasingly valu- 
able both to the student and to the investigator. This volume on an important reagent 
is one of the best of its kind. 

E. P. KOHLER 

The Terpenes. Vol. 11. The Dicyclic Terpenes, Sesquiterpenes and their Derivatives. 
By J. L. SIMONSEN, D.Sc. (Mane.), F.I.C., F.R.S., Proiessor of Chemistry, Uni- 
versity College of North Wales. The Macmillan Company, 60 Fifth Ave., New 
York, 1932. xi + 627 pp. 14 X 22.5 cm. Price, $7.00. 

With the publication of the second volume of "The Terpenes" the author has 
given us a work which will be indispensable to the student of terpene chemistry. As 
stated in the preface, few, if any, natural products have formed the subject of such 
intensive study as the pinenes and camphor. The section dealing with the sesquiter- 
penes includes the brilliant researches of Ruzicka and his collaborators. 

The present work is more than a mere review of the literature, and could only have 
been written by one thoroughly acquainted with the subject. The development of the 
views regarding chemical constitution is taken up in order, and where further research 
is needed, the author has so indicated. 

I t  is gratifying to have so excellent a work on the terpenes available in the English 
language. 

E. K. NELSON 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF BUCKNELL UNIVERSITY ] 

The Quantitative Determination of Palladium by Means of 
Ethylene1 

Of the six platinum metals, palladium is the most readily reactive with 
organic reagents with the formation of stable coordinated salts.2 The 
use of these compounds, however, for the quantitative estimation of 
palladium, or its removal from the other metals of the group, necessitates 
the use of a gravimetric factor to convert the weighed precipitate to per- 
centage of the metal present. If the metal itself is desired, the precipitate 
must be reduced by ignition in a stream of hydrogen. Certain reducing 
agents as powdered zinc or magnesium, formic acid, hydroxylamine, 
phenylhydrazine and others can be used to yield the metal directly from 
acid solutions of the metallic chloride, but in these cases platinum, if 
present, and usually others of the group are also precipitated. 

It appears desirable, therefore, to be able to select some reducing agent 
which is selective in its action and which offers no particular disadvantages 
in the analytical procedure for the removal of palladium in the metallic 
condition from a mixture of the platinum metals group. Carbon monoxide 
acts in this capacity when introduced into strongly acid solution of the 
chloride of the metals3 but offers the disadvantages of slowly reducing 
platinum and of tending to convert the other metals present into ionic 
complexes from which they are, subsequently, not easily precipitated. Of 
the simple unsaturated hydrocarbon gases, acetylene forms a reddish-brown 
precipitate which yields the metal on heating.* I t  also has a tendency to 
reduce slowly other metals of the group, yielding an undesirable colloidal 
condi t i~n.~ Ethylene, however, seems to be admirably adapted to  meet 
the needs of this problem. I t  is specific in its reduction of palladium with 
respect to the others of the group; i t  is cheap and easily obtainable in com- 
pressed form; and i t  offers a means of separating, quantitatively, large 

(1) This paper is taken, in part, from a thesis submitted by W. C. Brastow to the Faculty of Buck- 
neIl University in partial fulfilment of the requirements for the degree of Bachelor of Science. 

(2) Ogburn, THIS JOURNAL, 48, 2493 (1926). 
(3) Manchot, Ber., 588, 2518 (1925). 
(4) Erdmann and Makowaka, ibid., 37, 2694 (1904). 
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amounts of the metal which would be of value industrially as well as 
analytically. 

Experimental Part 
Preparation of S01~tions.-In order to  increase the range of accuracy of the ana- 

lytical methods used to standardize the palladium chloride solutions, two were prepared. 
The one was obtained by dissolving the pure salt, PdC12.2H20, in hot water containing 
about 7 cc, of concentrated hydrochloric acid per 100 cc. of solution, and filtering. The 
other was made by dissolving a weighed quantity of pure palladium wire in aqua regia. 
After carefully evaporating this solution to dryness on a water-bath, the residue was 
taken up with concentrated hydrochloric acid and the whole reevaporated until nitro- 
gen oxides ceased to be evolved. The evaporation t o  dryness was repeated and a second 
addition of the acid was made after which i t  was diluted to  the same acid concentration 
as in the preceding case. 

The solutions of ruthenium trichloride, sodium chlororhodite, potassium chloro- 
osmate, sodium chloroiridate and chloroplatinic acid were prepared according to direc- 
tions given by one of us.2 The metallic contents of these were detcrmined by reduction 
with zinc, followed by ignition in a stream of hydrogen, with the exception of the osmium 
solution, which was immediately filtered into a weighed Gooch crucible, washed and dried 
a t  105". 

The metallic content of the palladium chloride solution obtained from the solution 
of the salt was determined by means of precipitation with dimethylglyoxime and the 
use of the proper gravimetric factor. 

The ethylene gas used was from a cylinder as purchased in a purified form from one 
of the commercial  producer^.^ The manufacturers' analysis as given in a private com- 
munication was: ethylene 99%; air 1 yo. 

Standardization Results.-Ten-cc. samples of the solutions were used for each de- 
termination. At least four analyses were made with each. The maximum, minimum 
and mean values obtained are as follows (expressed in grams of the metal per cc. of 
solution) : 

Maximum Minimum Mean 

Palladium 0.02160 0.02148 0.021501 
(From the salt, PdC12~2Hz0)(Dimethylglyoxime as the reagent) 

Palladium .019994 
(From metallic wire) (Solution made from weighed sample) 

lihodiurn .0027 .0025 .002625 
Ruthenium .0032 .0030 .003125 
Osmium .0030 .0026 .002755 
Iridium .0028 .0027 .002770 
Platinum .0024 .0021 .002230 

The Removal of Palladium from a Solution of Palladium Chloride.-Before at- 
tempting the separation of the palladium from all of the platinum metals in a mixture, 
by means of ethylene, the procedure developed was carried out with a solution of the 
palladium chloride alone, and was done as  follows. A ten-cc. portion of the solution 
was heated on a water-bath to 80 ". Ethylene gas was rapidly passed in until reduction 
was complete and the precipitate had coagulated to  leave the supernatant liquid clear 
and colorless. After settling, the mixture was filtered through a properly prepared 
Gooch crucible. The precipitate was washed with warm water until the washings were 
free from chlorides, and then dried in an electric oven a t  105O t o  a constant weight. A 
test of the filtrate with dimethylglyoxime solution showed the absence of any palladium. 

(5) T h e  Matheson Co., North Bergen, N. J. 
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During the precipitation, the color of the solution is more quickly removed, and the col- 
loidal condition of the finely divided metal easily overcome, if agitation is effected by 
means of a small motor-driven stirrer. Two hours is usually required to effect the com- 
plete reduction. 

Varying temperatures, tip to the boiling temperatute of the solution, and varying 
acid concentrations equivalent to from 5 to 20 cc. of concentrated hydrochloric acid per 
100 cc. of solution were tried in an effort to ascertain any differences either in the rate of 
the reduction or its completeness. No differences were noted, except that a t  the lower 
temperatures the process of removal of the metal was appreciably retarded. With more 
concentrated solutions of the metal, the reduction appears to be more rapid. 

In order to verify the fact that the black spongy precipitate was metallic palladivm 
and not an organic derivative, separate determinations were made and weights taken 
before and after reduction in hydrogen for twenty minutes at red heat. No change in 
weight resulted, and in each case the percentage of the palladium checked with the 
quantity in the original sample, within the range of experimental error. Five analyses, 
each made in duplicate, gave maximum, minimunl and mean values of grams of metal 
per cc. as follows. 

Solution 1. (Palladium chloride prepared from the pure salt, PdCh.2HzO.) 
Maximum, 0.02180 Minimum, 0.02140 Mean, 0.021683. 
Theoretical value (as determined from dixnethylglyoxime determination) 0.021501. 
Error, +0.&160/0. 

Solution 2. (Palladium chloride prepared from pure palladium wire.) 
Maximum, 0.01998 Minimum, 0.01990 Mean, 0.019955. 
Theoretical value (as determined from weighed sample), 0.019994. 
Error, -0.195%. 

From these results, it may be readily seen that ethylene may be used to quanti- 
tatively remove palladium from its chloride solution. 

The Removal of Palladium in the Presence of All the Platinum Metals.-In order 
to verify the accuracy of the separation of pauadium from all of the other metals of the 
platinum group, a mixture of solutions of each of the six metals of the concentration pre- 
viously mentioned was prepared. Each 100 cc. of this solution contained the following. 

Grams Metal yo 
Platinum 0.0669 18.38 
Palladium .I9994 54.94 
Iridium .0277 7.61 
Osmium .(I275 7.56 
Rhodium .02625 7.21 
Ruthenium .015625 4.29 

-- 

Total metal content 0.363915 99.99 

The reason for using an excessive amount of platinum was that it is the principal 
metal found associated with palladium, both in nature and in industrial materials. 

The removal of the palladium by means of ethylene was made as before. The 
maximum, minimum and mean values for the recovered metal from three determina- 
tions, in which 100-cc. samples of the solution mixture were used, ran as follows (ex- 
pressed in terms of grams of palladium recovered from each sample): 

Maximum, 0.2015 Minimum, 0.1961 Mean, 0.19845 
Theoretical value, 0 19994 Error, -0.746%. 

In order to determine whether the palladium was contaminated with other metals of 
the group, the combined precipitates were dissolved in hot dilute aqua regia (in which 
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they were completely soluble). After evaporation nearly to dryness concentrated hy- 
drochloric acid was added to facilitate the removal of nitrogen oxides. The evaporation 
to dryness was repeated and the residue taken up with water containing a small amount 
of hydrochloric acid. Upon analyzing this solution according to the method described 
in a previous paper6 it was found that no weighable amount of metals other than palla- 
dium was present. A small amount of platinum was indicated by a slight color reaction 
with potassium iodide and also with a-furil dioxime, but the latter did not yield a pre- 
cipitate sufficient to weigh within any degree of accuracy. 

I t  may be thus seen that the presence of the other metals of the group has but 
slight effect in the removal of the palladium. The percentage error shown is low in com- 
parison with standard procedures used to effect this task. A t  best the analytical sepa- 
rations of the platinum metals are not usually as conclusive as those available for use 
with others so widely known. A means, therefore, which can be attained quickly to 
yield the metal directly is desirable. The selective action of ethylene also adds to this 
advantage. 

Summary 
A new and practical method for the determination of palladium, either 

alone or in mixtures of all of the other metals of the platinum group, is 
given. By means of the specific action of ethylene gas toward palladium 
in reducing it to the metallic condition, gravimetric factors need not be 
used, and the process of reduction of organic derivatives of the metal in 
hydrogen is not necessary, when the metal is desired as an end-product. In 
mixtures of the six platinum metals, the error in the recovery of the 
palladium is only about 0.75%. 

(6) Ogburn, THIS JOURNAL, 48, 2507 (1926). 
LEWISBURG, PENNSYLVANIA RECEIVED JULY 1, 1932 

PUBLISHED APRIL 6, 1933 

A Study of the Use of the Tungsten-Nickel Electrode System 
in Neutralizations1 

This investigation of the bimetallic electrode system, tungsten-nickel, 
was made in order to determine the possibilities of the system in neutraliza- 
tions. Kahlenberg and Krueger2 were the first to make a comprehensive 
study of the use of bimetallic systems in neutralizations. They used 
normal solutions of strong acid and base, and recommended especially 
tungsten in conjunction with one of the following: copper, nickel, silicon 
or cobalt. They gave no data for weak acids or bases. In a subsequent 
paper Holt and Kahlenberg3 studied various systems in greater detail, 
using 0.1 N solution of hydrochloric acid, sodium hydroxide, ammonium 

(1) Presented at the Eighty-third meeting of the American Chemical Society, New Orleans, La., 
1932. 

(2) Kahlenberg and Krueger, Trans. Electrochem. Soc., 66, 201 (1929). 
(3) Holt and Kahlenberg, ibid., 67,361 (1930). 
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hydroxide and various amines. They stated that the nickel electrode is 
unsatisfactory because it is attacked by acids. In our work this difficulty 
did not prove to be serious. They added the reagent in increments of 
0.2 cc., which makes i t  difficult to judge whether a particular electrode 
system is of value for precise work. 

Various bimetallic systems have been studied by other investigators. 
Willard and Fenwick4 found that the polarized platinum system gave a 
good indication of the end-point in the titration of a strong acid with a 
strong base. Briinnich6 stated that the system platinum-graphite gave 
satisfactory results in the titration of both weak and strong acids with 
sodium hydroxide. Fuoss6 recommended the following pairs of electrodes 
for neutralizations: Sb-Pb, Bi-Ag, Sb-Cu amalgam, Cu-CuO. 

None of these investigators checked the potentials of the two metals 
repeatedly against a reference half cell as has been done in this work. Closs 
and Kahlenberg,7 however, determined end-points with systems composed 
of a single metal and a calomel electrode. They found tungsten, bismuth, 
arsenic, antimony and molybdenum to be the best indicator electrodes. 

Experimental 

Materials and Apparatus.-Tungsten wire 0.635 mm. in diameter, and nickel wire 
1.829 mm. in diameter were used. The surfaces of the electrodes were cleaned with 
emery paper and by treatment with nitric acid. A saturated calomel cell and a Leeds 
and Northrup students' type potentiometer and accessories were employed. Solutions 
were stirred with a motor-driven stirrer. The calibration of the volumetric ware was 
checked and buret corrections were applied. 

Approximately 0.5 and 0.1 N solutions of the various reagents were prepared and 
standardized by well-established methods. The alkali solutions were nearly, but not 
entirely, freed from carbonate and protected by "ascarite" tubes. 

During titrations at  least three e. m. f. readings were taken after additions of re- 
agent, namely, tungsten-nickel; tungsten-calomel; nickel-calomel. The electrical 
end-points (maxima of A e. m. f . /A cc.) were compared with the end-points obtained in 
independent titrations using phenolphthalein or methyl orange indicators. The pres- 
ence of a small amount of carbonate in the alkali caused two electrical end-points to be 
found, one at  the end of the neutralization of free alkali and conversion of carbonate to 
bicarbonate, and the other at  the end of reaction between bicarbonate and acid. 

A summary of typical data is given in Table I. 

When alkali was titrated with acid, carbon dioxide was absorbed from 
the atmosphere, and hence the phenolphthalein end-point was determined 
either by having the indicator present during the titration, or by inde- 
pendent titrations run under similar conditions. 

The titration of a strong acid with a strong base or vice versa is satisfac- 
tory either in 0.5 N o r  0.1 N solution. A careful study of the e. rn. f.-cc. 
graphs for the individual metals against the calomel electrode made it 

(4) Willard and Fenwick, THIS JOURNAL, 45,715 (1923). 
(5) Briinnich, Ind. Eng. Chem., 17, 631 (1925). 
(6) Fuoss, Ind. Eng. Chewz., Anal. Ed., 1,125 (1929). 
(7) Closs and Kahlenberg. Trans. Electrochem. Soc., 54,369 (1928). 



1312 N. HOWELL FURMAN AND GEORGE W. LOW, JR. Vol. 55 

TABLE I 
END-POINTS 

Solution in Solution Phenolphthalein Methyl orange 
beaker Size of added Indica- Electri- Indica- Electri- 

( ~ P P ~ ? x  sample, (approx. tor, cal, tor, cal, 
normahty) CC. normality) cc No. 1 CC. No  2 

0 5 N N a O H  25.02 0 5 N H C l  17.27" 17.15 1762 17.65 
25.02 17.42" 17.42 17 62 17.63 
9.97 6.77 6.77 7.07 7.04 
9 97 6.82 6.78 7.02 7.02 
9 97 7 02 7 02 

O 1 NNaOH 24.93 0 1 N HC1 17 26 17.16 18 41 18 48 
9.99 6 9 3  6 9 3  7.53 7.46 
9 99 6.98 7.02 7.45 7.45 

0 5 NHC1 25.03 0 5 N N a O H  3538  3538  3528 35.30 
25 03 35 43 35.43 35.33 35.33 
10 03 1414  1409 1399 14.03 
10 03 14.24 1419 14.14 14.14 

0 1 N HCI 24 95 0 1 N NaOH 33.91 33.86 33.66 33.66 
24.95 3391  33.96 33.66 33.71 
9 97 13.47 13.42 13.29 13.33 

0 2 NHAc 2000 0 5 N N a O H  11.10 10.93 
20 00 11 07 10.91 
10 00 5 68 5 48 

0 2 NHAc 10 00 0 1 N NaOH 27.12 25 58 
5 00 13 53 12 38 
5.00 13 58 12 48 

0.5NNHdOH 2000 0 5 N H C 1  18 27 18.24 
10 00 9 1 8  9.14 
10.00 9 53 9 54 (CO2) 

Na2C03 1 4753 g. 0 5 N HCl 55 14 55.10 
1 0969 40.96 40.94 
1.0665 39.86 39.82 
0.8995 33.54 33 56 

0.5MH3POa 1000 0 5 N N a O H  No results which could be interpreted 

" The discrepancy between these values is due to different rates of titration, and 
very long exposure of the second solution to air. The second end-point is exact. 

clear that the electrical end-point a t  the PH a t  which phenolphthalein 
changes was due primarily to the change in potential of the tungsten 
electrode, the nickel-calomel system being relatively insensitive in this 
region. The latter electrode system shows a large break in potential in 
the methyl orange region, and the change with reference to the calomel 
half-cell is in the opposite direction to that undergone by the tungsten 
(with reference to the calomel cell) in this region. 

The titration of ammonia with hydrochloric acid gave excellent results, 
the break in potential (tungsten-nickel) being sharper than with the usual 
combination of indicator electrode and reference half-cell, because the 
rapid changes of the two metals are in opposite directions, as is shown in 
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Fig. 1 A and B. Study of a number of graphs not reproduced here indi- 
cates that the nickel electrode serves as an approximate PH indicator in 
alkaline solutions, for the graphs are nearly parallel to those given by the 
tungsten electrode. Near the end-point there is an abrupt discontinuity 
in the behavior of the nickel, and in the acid region the nickel-calomel 
system shows little tendency to follow PH changes in a regular fashion. 
Holt and Kahlenberg (Ref. 3, Fig. 2) pointed out that nickel and cobalt 
differed from most of the other metals which they studied in manner of 
change of potential upon passixg from acid to alkaline sollxtion or ZJ~L-e z~er~a  

Acid, cc. Acid, cc. 
Fig. 1A. Fig. 1B. 

Fig. 1.-A. Graph for titration of 10 cc. of approximately C.5 Nammonia 
with 0.5 N hydrochloric acid, using the W-Ni system. B. Showing the be- 
havior of the individual electrodes during the course of the titration repre- 
sented in A. (M. 0. indicates the methyl orange end-point. C. E. denotes 
the saturated calomel electrode.) 

We should expect that the tendency of nickel to undergo a sharp change 
a t  a PH near the methyl orange transition (4-5), while exceedingly useful 
in the titration of weak bases, would vitiate the results in the titration of a 
weak acid with a strong base. This conclusion is amply borne out by the 
results in the case of acetic acid. As is shown in Fig. 2, A, B, there is an 
excellent electrical end-point in this titration, but the maximum change is 
always displaced from the true end-point though rarely or never to the 
same extent in successive titrations. There is a second small maximum in 
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A e. m. f . /A cc. at  the true end-point in the case shown in Fig. 2, but this 
maximum does not appear clearly in many of the titrations. 

The erratic behavior of the nickel electrode was evident during the 
progress of titrations of sodium carbonate with hydrochloric acid. In some 
instances the minor electrical end-point which apparently corresponded 
to the phenolphthalein end-point was displaced several cc. (10 cc. in one 
case) from the indicator change. The second and major electrical change, 
however, coincided quite accurately with the methyl orange end-point. 

4 5 6 7  4 5 6 7  
Alkali, cc. Alkali, cc. 

Fig. 2A. Fig. 2B. 
Fig. 2.-A. A graph for titration of 10 cc. of approximately 

0.2 N acetic acid with 0.5 N sodium hydroxide. P indicates the 
phenolphthalein end-point. B. Shows the behavior of the indi- 
vidual metals during the course of the titration plotted in A. 
Note the characteristic behavior of the nickel electrode. 

It was not possible to interpret the results of the titration of phosphoric 
acid with alkali. Electrical maxima were obtained, but not at  stoichiomet- 
ric points. The largest jump in potential was observed when phenol- 
phthalein was added after the first end-point, as indicated by the tungsten- 
calomel system, had been passed. In the presence of this indicator there 
were erratic potential changes (nickel electrode) during the titration of 
carbonate with acid. 

Summary 
The tungsten-nickel electrode system has been shown to be of value 

in the titration of strong acid with strong base, or vice versa. 



The system appears to be one of the most satisfactory in the titration 
of weak base with strong acid. In the titration of weak acids or polybasic 
acids the system appears to be of little use. 

PRINCETON, NEW JERSEY RECEIVED JULY 9, 1932 
PUBLISHED APRIL 6, 1933 

The Dependence of the Ultrafiltrate from a Sot of 66Feri-ic 
Hydroxide" upon Rate of Ultrafiltration; Donnan 

Equilibrium and PH of Sols 

The unequal distribution of all mobile ions in any system involving a 
restraint upon certain electrical charges, now commonly known as the 
Donnan equilibrium,' was given quantitative formulation in the sub- 
ject of electrokinetics by Gouy and Chapman for the diffuse double layer 
in the neighborhood of surfaces and colloidal particles, then by Donnan 
in 1911 for membrane equilibria, and very much later by Debye and Hiickel 
in 1923-1924 for the interior of ordinary solutions. Further, although 
the classical nomenclature of colloids, still frequently employed, took no 
cognizance thereof, it is well known that all charged colloids in ionizing 
solvents partake of the nature of salts2 

Nevertheless, these matters have been overlooked in assigning to hydro- 
gen ion, or any other ion, definite values of concentration in a sol, al- 
though these must vary greatly according to the distance from a colloidal 
particle. I t  is intriguing to reflect that the readings of electrode potential 
of the hydrogen electrode (or other reversible electrode) in different parts of 
a sol must be identical, although the actual concentrations of any ion 
yielding the constant electrode potential must vary even as a time average 
from point to point. A portion of the liquid near a positively charged par- 
ticle such as that in a sol of "ferric hydroxidev3 must be less acid than that 
further away, and although exhibiting the same hydrogen or chloride 
electrode potential, the actual PH and P c l  must be different in different 
parts of the sol. Serious discrepancies must, therefore, appear in the 

(1) For references, including the classical work of Gibbs, see T. R. Bolam, "The Donnan Equi- 
libria," G. Bell and Sons, Ltd., London, 1932. 

(2) For the most comprehensive and authoritative monograph, see Wo. Pauli and E. Valkb, 
"~lektrochemie der Kolloide," Julius Springer, Vienna, 1929. 

(3) I t  should be recalled that a sol of so-called "ferric hydroxide" prepared from ferric chloride is 
a colloidal complex salt. It contains as essential constituents particles consisting of heavily hydrated 
oxide or hydroxide with undissociated oxychloride and the positively charged ferric or ferroxy ion, com- 
pensated by an electrochemically equal amount of free chlorine ions in the surrounding liquid. There 
is also a trace of hydrochloric acid in hydrolytic equilibrium. These sols are by no means necessarily 
dilute, they possess a moderate proper conductivity and definite lowering of freezing point, and they 
diffuse as rapidly as sucrose. 
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treatment hitherto accorded the study of the constitution of colloidal 
sols and even in most of the published values for PH of colloids. 

Ultrafiltration has frequently been employed as a tool in the study of 
colloids, yet there is only one paper, that of Greenberg and Greenberg,4 
in which the Donnan equilibrium is recognized and, even so, from the 
standpoint of membrane equilibrium rather than from the more general 
one outlined in these opening paragraphs, thus missing the main point of 
the present paper. 

Most colloid chemists other than Pauli and his associates have assumed 
that an ultrafiltrate is identical with the solution in which the colloidal 
particles are suspended, quoting as evidence the observation of D ~ c l a u x , ~  
Maffia,6 and others (including Greenberg and Greenberg)4 that the com- 
position of the ultrafiltrate was independent of the amount filtered. 

It has further been asserted by Kruyt, Roodvoets and van der Willigen7 

that  the composition of the ultrafiltrate is independent of the density of 
the membrane, and in a recent paper by Duclaux and Titeica8 that i t  is 
independent of the pressure applied. In other words, i t  is claimed that 
the composition of the ultrafiltrate is not affected by the rate of ultra- 
filtration. In neither case, however, are experimental data given for the 
composition of the sols or of the ultrafiltrates. 

The series of ultrafiltrations to be described was incidental to the study 
of "sol 13" of "ferric hydroxide," the preparation and PH of which were 
given in a previous communi~ation.~ It was especially desired to observe 
the effect of changing the pressure on the composition of the ultrafiltrate, 
for we have utilized a far wider range of pressures than those in previous 
work, namely, from less than one atmosphere up to one hundred at- 
mospheres. We find that the concentration of the ultrafiltrate may be 
varied four-fold by mere change in the pressure or the rate employed, a 
phenomenon which has not been suspected by previous workers in this 
field. 

Experimental 
Ultrafiltration.-A high pressure ultrafilter,1° equipped with an electrically operated 

stirrer, was used. All portions of the apparatus coming in contact with solution were 
heavily silver plated or were replaced by parts of pure silver, except for a nickel gauze 
underneath the membrane. All portions not of solid silver were coated with a thin 

(4) D. M Greenberg and M Greenberg, J .  Biol Chem , 94, 373 (1931). They found the con- 
centration of salt in the ultrafiltrate to be greater than that in the original alkaline casein solution but 
independent of the amount filtered. Their reflection upon the interpretation of the ultrafiltration ex- 
periments of J. W. McBain and W. J. Jenkins [J .  Chem. Sac., lZl, 2325 (192211 has been shown by sub- 
sequent work to be invalid. 

(5) J. Duclanx, Kollozd-Z., 3, 126 (1908). 
(6) P. Maffia, Kdloidchem. Beihefte, 3, 85 (1911). 
(7) H. R. Kruyt, A. C. W. Roodvoets, and P. C. van der Willigen, "Colloid Symposium Mono- 

graph," 1926, Vol. IV, p 304. 
(8) J. Dnclaux and R. Titeica, Cornpi. uend., 189, 101 (1929). 
(9) W. L. McClatchie, J. Phys. Chem., 36, 2087 (1932). 

(10) Vereinigung Gottinger Werke, Gottingen. 
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film of boiled out medicinal vaseline. Cellophanes "No. 600," "450" or "1200" were 
used for the ultrafilter membranes and all washers likewise were cut from cellophane 
"No. 2400," three or four thicknesses being required. All membranes and washers were 
qoaked for a t  least twenty-four hours in several changes of conductivity water before 
being used. Pressure was applied from a cylinder of compressed nitrogen. 

To test the apparatus for freedom from conducting impurities, conductivity water 
was filtered. It showed an increase in specific conductivity only of 0.5 to 1.0 X 10-6 ,  
which is well below the probable experimental error for the ultrafiltration of the sol. 

The filter was rinsed with several portions of sol before the sample for ultrafiltratiorl 
was ;atroduced, and the first 10 to 15 cc. of ultrafiltrate was rejected, serving to saturate 
the membrane and to rinse the funnel below the filter. The sol was stirred a t  a moderate 

TABLE I 

THE EFFECT OF DIFFERENT PRESSURES USED IN ULTRAFILTRATION OF "FERRIC 

HYDROXIDE SOL 13" UPON THE COMPOSITION OF THE ULTRAFILTRATE 
Cellophane Press. Total yo Rate a Ultrafiltrate 

Iixpt No. Portion kg /sq cm filtered cc /min. I< X 105 

1 600 2 40-50 20 0.21 6.97 
3 25-35 28 .32 6.42 
4 25-30 36 .28 6 42 
5 20-30 44 24 6 64 
6 30-60 55 .38 5 38 

2 600 2 45-55 14 .39 5 01 
Same as 3 40 -60 22 .38 4.99 
for No. 1 4 10-14 3 1 .17 8 68 

5 38 . l 8  9.07 
6 45-60 45 .40 4 52 

3 600 2 90-100 15 .4.5 4.62 
New mem- 3 90 23 .42 4.90 
brane 4 52-55 ?3 . 30 6 52 

5 50- 52 39 .30 6 34 
6 6 7 27 .12 11 3 
7 6 53 .13 11.1 
8 95 64 .49 3.56 

4 600 2 1-2 17 .12 13 6 
Same as 3 > 1 27 .086 14 8 
for No. 3 4 50 43 .46 5 26 

5 54 .56 3.76 

5" 450 3 46-50 47 .51 5 15 
4 60-6,5 54 .61 4 38 

6 1200 2 5 18 .082 13.9 
3 3 21 .073 14.1 
4 50 27 .19 7.16 

7 1200 2 1 23 .065 12.3 
Same as 3 >1 30 .061 12.4 
for No. 6 4 53 .11 8.32 

8 600 3 13 23 .20 8.65 
4 6 35 .15 9.88 
5 65 47 .38 4 31 

" The membrane area was about 28 sq. cm. 
So1 came through when pressure was first appIied. 
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rate, and a current of air on the apparatus prevented heating by the electromagnets. 
The ultrafiltrate was collected in stoppered Jena or Pyrex containers. The results of 
these experiment. are collected in Table I. The last column gives the specific conduc- 
tivity, a t  25', of the ultraiiltrate obtained. 

It is obvious that the composition of the ultrafiltrate is by no means 
independent of the rate of ultrafiltration, and that i t  is the rate rather than 
the pressure that is the determining factor. This is shown by comparison 

of portion 2 of filtration 2 with 
. portion 3 of filtration 3, where 

the pressures were different but 
the rates and conductivities 
were the same. The specific 
conductivities of the ultrafil- 
trates were, therefore, plotted 
against the rates of ultrafiltra- 
tion, as shown in Fig. I. 

The general relationship be- 
tween the rate of ultrafiltration 
and the conductivity is fairly 
well established by these experi- 
ments. The failure to obtain 
closer checks was probably due 
to temperature differences be- 
tween the different samples that 
were ultrafiltered, as there is a 
tendency for all points from a 
single experiment to lie on the 
same side of the curve. 

0 0.1 0.2 0.3 0.4 0.5 0.6 
Rate in cc./min. The main result cannot be 

Fig. 1.-The effect of the rate of ultrafiltra- attributed any in- 
tion of "ferric hydroxide" sol upon the compo- fluence of the amount filtered, 
sition of the ultrafiltrate: Expt. 1, 0 ;  Expt. 2, Or of the method of varying 
A ; E x ~ t -  3, 0 ; ExP~.  4, 0;  E x ~ t .  5, Q; Expt. the pressure, or of temperature 
6, 4; Expt. 7, A ; Expt. 8, . . changes, for no routine method 
of varying the rates was followed. The frequently reported nearly constant 
composition of successive samples of ultrafiltrate is further confirmed by 
these experiments. 

Dialysis.-It may be seen from Fig. 1 that the conductivity of the 
ultrafiltrate is still increasing rapidly a t  the lowest rates obtainable by 
ordinary ultrafiltration. It is of theoretical interest to know the limiting 
composition for zero rate or, in other words, after the residue and filtrate 
have come to an approximate equilibrium. Dialysis of the sol against 
its ultrafiltrate affords a means of evaluating approximately this equilib- 
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rium, although it is realized that the conditions obtained would not be 
quite identical with a zero rate ultrafiltration. 

A 40-cc. sample of sol 13 was dialyzed a t  25" against 50 cc. of ultrafiltrate 
with a specific conductivity of 6.4 X The sol was contained in a 
cellophane tube, and dialysis was carried out in a glass-stoppered con- 
ductivity cell of 150 cc. capacity. 

TABLE I1 
Time in hours 0 3 / r  3'/2 20 44 80 
K X 1050f dialyzate 6.4 11.8 16.4 14.7 19.0 19.0 

The equilibrium concentration of the dialyzate, as shown in Table 11, 
was plotted as point X in Fig. 1, and it fits fairly well on the curve for 
conductivity against rate of ultrafiltration. 

Composition of the Ultrafiltrate.-The conductivity of the best con- 
ducting ultrafiltrate (lowest rate) is less than one-tenth of the total con- 
ductivity of the sol and i t  does not contain over one-twentieth of the total 
chloride. I t  contains the merest trace of iron, ammonium thiocyanate 
giving only a faint pink. Nessler's reagent indicated less than N 
ammonia. Nevertheless, the conductivity of the ultrafiltrate was only 
partly due to free hydrochloric acid. This was shown by determining the 
concentration of hydrogen ion in the ultrafiltrate and in the dialyzate 
with a glass electrodell which had given concentrations of 1.2, 1.2 and 1.1 
X N with 1.0 X N hydrochloric acid solution prepared by dilution 
of 1 N hydrochloric acid solution in two stages with boiled out conductivity 
water. The results are given in Table 111. The next to the last column, 
headed CH+ conductivity, is the concentration of hydrochloric acid that 
would be required to account for the total conductivity of the ultrafiltrate. 

TABLE I11 
COMPARISON, USING GLASS ELECTRODE, OF CONDUCTIVITY OF ULTRAFILTRATE AND 

DIALYZATE WITH CONCENTRATION OF HYDROGEN ION PRESENT 

CH+ cond. C ~ +  
Expt. Portion t o  ME" "EKHP" CH+ X 105 X 105 CH+ cond 

8 5 20 0 1175 0 0866 2.8 10.1 0.27 
Not in Table I 24 .2260 ,2335 
Not in Table I 24 .2280 .2335 8.7 180 
8 3 21 .I462 ,1671 5 0 20.2 .25 

7.9 18.0 I -46 

8 4 20 .I512 .I671 5.8 23.2 .25 
Dialyzate 19 .I675 ,1627 16.0 
Dialyzate 19 .I718 

46.3 .39 
.I625 20.0 46.3 

I t  is probable that there is a small concentration of some electrolyte 
derived from the glassware (or cellophane) to account for the greater portion 
of the conductivity of the ultrafiltrate. Fortunately, these concentrations 
are so low that they affect the total composition of the sol but little. 

(11) For the technique and the reference electrodes and buffers, see W. L. McClatchie, J. Phys.  
Chem., 36, 2087 (1932). 
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If the extrapolated value of specific conductivity of ultrafiltrate for 
highest rate be taken as 3.0 X and it is assumed that 25% of this 
conductivity is due to hydrochloric acid and the remainder to some other 
chloride, the total chloride ion in the ultrafiltrate would be only 1.7 X 

N.  The chloride present in the original sol is, however, 0.04405 N, 
and nearly all of this, namely, 0.0439 N chloride, is an integral part of the 
colloid particles and their compensating ions. Similarly, of the. total 
specific conductivity of the sol, 5.70 X 5.40 X would be the 
proper conductivity of the colloidal particles and their opposite chlorine 
ions. In one liter of sol there were 0.912 gram equivalent of iron and 
0.04405 gram equivalent of chlorine. 

Discussion of Results 

The conceptions arising in the present work are illustrated diagrammati- 
cally in Fig. 2. Here the membrane, impermeable to one colloidal species 

i t t  ....." ..., 

BETWEEN C,-+ AND CH' 

(a) Dialysis or osmotic (b) Moderately slow (c) Rapid ultrafiltration. 
(membrane) equilibrium; ultrafiltration. 
infinitely slow ultrafiltra- 
tion. 

Fig. 2.-The effects of Donnan equilibrium within a colloidal sol or electrolyte upon 
the distribution of PH (or other ion) and upon the results of ultrafiltration. 

only, is represented by a wavy line. Dialysis or Donnan membrane 
equilibrium is regarded as the limit of slow ultrafiltration. For the sake 
of clarity only one colloidal particle is indicated by an aggregation of four 
adjacent positive charges and only the distribution of a single diffusible 
ion, in this case hydrogen ion, is indicated. The positive particle is sur- 
rounded by a domain influenced by its concentration of charges. Although 
this domain has no definite boundary and the influence falls off with 
distance according to the well-known exponential formula of Gouy, Chap- 
man, Debye and Hiickel, it is indicated for diagrammatic purposes by a 
dotted enclosure. There are thus three regions distinguished: first, that 
within the domain of the colloidal charges; second, the intermicellar liquid; 
and third, the dialyzate or ultrafiltrate. 

It is evident from Fig. 2a that all three regions are of different hydrogen- 
ion concentration, that of the dialyzate being calculable according to the 
usual Donnan formula for membrane equilibrium based on the average con- 
centration of the other two. The three regions are, therefore, designated 
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in order of decreasing concentration, CH++, CH+ and CB+ - . It is obvious 
that the dialyzate has not the composition of the intermicellar liquid, con- 
trary to the common assumption mentioned in the fourth paragraph of 
this paper. There is, however, one intermediate rate of ultrafiltration for 
which the concentration of the ultrafiltrate will be that of the intermicellar 
liquid, as shown in Fig. 2b. For slower ultrafiltration the results will lie 
between those of Figs. 2a and 2b. 

For more rapid ultrafiltration the results will tend toward that illustrated 
in Fig. 2c. In other words, when ultrafiltration is pushed as rapidly as 
possible, i t  will encroach upon all regions of the solution and more nearly 
represent the average cross-sectional concentration of the filterable con- 
stituents within the sol. This well accounts for the low concentration of 
ultrafiltrate obtained in quick ultrafiltration and the relatively high con- 
centrations obtained with slow ultrafiltration and dialysis. 

Even in the most rapid ultrafiltration, owing to the enormous electro- 
static forces otherwise involved, there must remain with the colloidal 
charges an equal number of oppositely charged free ions which cannot be 
filtered. This then does not affect the argument. The PH of a very rapidly 
cbtzized ultrafiltrate must be less than that of the original "ferric hydrox- 
ide" sol. In our work the PH of sol 139 corresponded to a hydrochloric acid 
concentration of 5.0 X N, while from Table I1 it is seen that rapidly 
obtained ultrafiltrate contains only 2.8 X lop5 N .  At the other extreme 
the far higher concentration of 18 X N was found for the dialyzate. 

At first sight it might seem that even if the regions in the immediate 
neighborhood of colloidal particles were being encroached upon and robbed 
in rapid ultrafiltration, this might not greatly affect the total concentra- 
tions of ions passing through the filter, since the unequal distribution of 
positive ions in the domain of the positive colloid is offset by a similar 
unequal distribution of the same ions in the opposite direction in the neigh- 
borhood of the compensating negative ions such as the chloride ions in the 
present case. If the colloidal particles were monovalent, that is, each 
particle carried but one electrical charge, then indeed the effects of en-. 
croachment and the effects upon PH would disappear. 

To produce the effects here uncovered two things are, therefore, neces- 
sary: first, that the particles are polyvalent; and, second, that the charges 
are close together.12 

In the membrane equilibrium the hydrogen electrode gives the same 
potential for dialyzate and intermicellar liquid, the difference in con- 
centration being offset by the membrane potential 

(12) Compare J.  W. McBain [Tars JOURNAL, 50, 1636 (1928)] where it is shown that with the ionic 
micelle of soap solutions the ionic strength is essentially that only of a uni-univalent salt because of the 
very wide distance apart of the charges upon any one ionic micelle (20 A.). 



Similarly, the uniform electrode potential within a sol balances the differ- 
ence of concentration near a colloidal particle as compared with that of the 
intermicellar liquid by that portion of the electrokinetic potential or poten- 
tial of the ionic atmosphere embraced between the two points in question 

Of course, CH+ - likewise varies from point to point within the domain of 
the colloidal particle. 

It will be interesting to inquire whether these considerations account 
for the so-called Hammarsten effect. Hammarsten13 in several instances 
found by electromotive force ionic concentrations that were not fully re- 
vealed in lowering of freezing point. We have just seen that the PH in the 
neighborhood of positive charges is much less than that in the intermicellar 
liquid, although both give the same electrode potential, and that thus the 
concentrations as ordinarily obtained from e. m. f. measurements of 
colloids are partly fictitious. In this connection it should be pointed 
out that in our sols the domains of the colloidal charges almost or actually 
overlap. Thus in many colloidal sols there is no point a t  which there is true 
intermicellar liquid, and nowhere then will the real concentration equal 
the apparent PH or CH+. 

In conclusion, it should be mentioned that Maffia,14 using a pressure of 
only a few millimeters, found 60 to 80% of the total conductivity in the 
ultrafiltrate for sols otherwise closely resembling sol 13. Wintgen and 
Biltz,15 also working with sols similar to sol 13, used a pressure of one 
atmosphere, which gave fairly rapid rates with the membranes used. 
They found lower conductivities than did Maffia, but still about 30 to 60% 
of the total conductivity was found in the ultrafiltrate. 

Variations in the concentration of the ultrafiltrate would be much less 
for sols with a higher ratio of simple electrolyte to colloidal electrolyte, for a 
Donnan equilibrium would then produce only a slight inequality in the 
distribution of the simple electrolyte. This may account for the failure 
of previous experimenters to observe such a variation, and for the asser- 
tions of Duclaux and Titeica16 and of Kruyt, Roodvoets and van der Willi- 
gen17 that the concentration of the ultrafiltrate is independent of the rate of 
ultrafiltration. 

Additional Note 
It has been very kindly pointed out to us that a graph of specific con- 

ductance against pressure is as satisfactory as that given against rate of 
ultrafiltration and that an alternative explanation might be that the 

(13) E. Hammarsten, Biochem. Z., 144, 383 (1924); H. Hammersten, ibid , 147, 481 (1924). 
(14) P. Maffia, KoUoidctem. Beiheffe, 8 ,  85 (1911). 
(15) R. Wintgen and M. Biltz, Z. physik. Chem., 107, 403 (1923). 
(16) J. Duclanx and R. Titeica, Compl. rend., 189, 101 (1929) 
(17) H.  R. Kruyt, A. C.  W. Roodvoets and P. C.  van der Willigen, "Colloid Symposium Mono- 

graph," 1926, Vol. IV. p. 304 
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particles are carried down to the filter to form a highly hydrated gel-like 
mat which pressure might dehydrate, the process being continued by 
the arrival of new particles from the main body of the sol. This explana- 
tion is not, however, necessarily dserent from that which we have given, 
although we have stressed the electrical aspects which must exist. Every 
charged particle is surrounded by an ionic atmosphere, predominantly of 
opposite sign, and likewise by an atmosphere of polarized or loosely bound 
water. The two atmospheres in part coincide and overlap. When they 
are encroached upon through pressure or rapidity of filtration, the filtrate 
will be correspondingly diluted, as we have found. These atmospheres 
are spontaneously formed and will do work to maintain themselves. In  the 
interionic attraction theory of electrolytes, about one-half of the lowering 
of equivalent conductivity as compared with that at infinite dilution is 
ascribed to this very effect. The forces involved are, therefore, enormous, 
being of the order of magnitude18 of lo5 kilograms per coulomb of charge for 
a linear movement of 0.02 cm. per minute as in the highest rate of ultra- 
filtration. Such reaction is evidently strong enough to push the charged 
particles away, and in fact the membrane does not become coated. Such 
movement (slippage or seepage) caused by relaxation of the ionic atmos- 
phere would, of course, only take place when the particles became crowded 
in the immediate neighborhood of the ultrafilter. To discriminate further it 
will be necessary to carry out experiments with membranes differing greatly 
in degree of permeability, preferably using different kinds of membranes. 

Summary 
A series of ultrafiltrations was made with a fairly concentrated, very 

well dialyzed, ferric hydroxide sol. The concentration of the filtrate was 
found to vary many-fold with the rate of ultrafiltration, the most rapid 
rates yielding the lowest concentrations of ultrafiltrate, and a form of 
dialysis the highest concentration. 

It is concluded that in slow ultrafiltration the ultrafiltrate approaches 
the Donnan membrane distribution due to the presence of charged colloids, 
whereas in very rapid ultrafiltration the regions immediately surrounding 
the colloidal particles are invaded and sampled. Thus the PH of a rapidly 
obtained ultrafiltrate is less than that of the sol of a positive colloid, 
whereas with very slow ultrafiltration it is much greater. 

It is pointed out that neglect of these considerations necessitates a rein- 
terpretation or recalculation of much of the existing data, not only of 
ultrafiltration but of the PH and CH+ and ionic concentrations within all 
colloidal sols. 

STANFORD UNIVERSITY, CALIFORNIA RECEIVED AUGUST 13, 1932 
PWLISHED APRIL 6, 1933 

(18) M. Le Blanc, "A Text-book of Electro-chemistry" (translation by W. R. Whitney and J. W. 
Brown), The Macmillan Co., New York, 1920, p. 124; seventh German edition (0. Leiner, Leipzig, 
1920), p. 117. 
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A Copper Membrane Gas-Molecule Sieve. Callendar's 
Theory of Osmosis 

BY D. L. WARRICK AND EDWARD MACK, JR. 

For many years large numbers of investigators have been interested in 
experimentation and speculation not only on the general subject of the 
passage of liquids1 through septa but also, ever since the time of Thomas 
Graham, on the retention of gases by porous solids, and the transpiration 
of gases and vapors through porous membranes. Without attempting to 
give an adequate picture of the present state of the literature in this exten- 
sive field, we may merely refer to McBain's monograph, "Sorption of Gases 
and Vapours by Solids," which includes a bibliography of about six thou- 
sand expaimcntal and theoretical papers,' and to the recent work of Mc- 
Bain3 and his students on cellulose and other substances, and to the work 
of Paneth and Peters4 and Urry5 on the permeability of glasses to helium 
and neon. The idea of attempting to find in nature, or to prepare in the 
laboratory, membranes of the proper porous structure to act as sieves for 
gas molecules, would appear to be feasible. For example, if the structure 
proposed by Astbury for d-tartaric acid is correct to the extent that 
tunnels actually run perpendicular to the 100 face into the crystal,= one 
might expect to find sieve properties in this crystal. Pauling has also sug- 
gested the probability of sieve characteristics in the zeolites,' and the pres- 
ence of wandering "vagabond" atoms and molecules in the lattice of the 
ultramarines, demonstrated by Jaegers and his collaborators, suggests 
further available porous working substances. 

It is well known that zinc
g 
can be selectively distilled from brass, and it 

occurred to the authors that a copper membrane possessing interesting 
sieve properties might thus be prepared. The present paper gives a 

(1) For example, see Zsigmondy, "Colloid Chemistry (Alexander)," Vol. I, Chemical Catalog 
Co., New York, 1926, p. 944; Manegold and collaboratots, Kolloid-Z., 65,273 (1931), etc.; Bartell and 
collaborators, J. Phys. Chem., 32, 1553 (1928), and other papers; Michaelis, "Molecular Sieve Mem- 
branes," "Fifth Colloid Symposium Monograph," 1927, p. 135; Natl. Research Council Bulleiin, 69, 
119 (1929); Manning, "The Preparation of Nickel Membranes for Ultrafiltration," J. Chem. SOG., 
1127 (1926); and many other papers by many other authors. 

(2) J. W. McBain, "Sorption of Gases and Vapours by Solids," G. Routledge and Sons, Ltd.. 
London, 1932 

(3) McBain, Kol1oid.-Z., 40, 4 (19261; "Fourth Colloid Symposium Monograph," 1926, p. 11; 
"Persorption and Monomolecular Sieves," Trans. Faraday Sac., 28, 408 (1932); McBain and Kistler, 
J .  Phys.  Chem., 33, 1806 (1929); 35, 130 (1931). See also Schmidt, Z. physzk. Chem., 133, 263 (1928); 
Weigel and Steinhoff, Z. Krist , 61, 125 (1924); Tammann, Z. physik. Chem., 27, 323 (1898). 

(4) Paneth and Peters, Z. physik. Chem., B1, 253 (1928). 
(5) Urry, THIS JOURNAL, 54, 3887 (1932). See also, for example, in connection with organic mem- 

branes, Wertheimer, Arch. ges. Physiol. (Pfluger's), 209, 493 (1925); Bauer, ibzd., 301 (1926); Hill. 
Science, 67, 374 (1927); Alexejev and Matalskii, J. chim. phys., 24, 737 (1927); and many others. 

(6) Astbury, Proc. Roy. Sac (London), A102, 506 (1923). 
(7) Panling, Proc. Nut. Acad. Sci , 16, 453 (1930). 
(8) Jaeger, Trans. Faraday Soc., 26, 320 (1929); and other papers. 
(9) For example, the papers of Graves and Turner, J. Chem. Soc , 101, 585 (1912); Turner, J ,  

Ins:. Metals, 7 ,  105 (1912). 
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description of the method of preparation of the porous copper membrane 
and of some of the results secured by testing its porosity to various gases 
and vapors. 

Experimental 
Preparation of Porous Copper Membrane.--Pieces (2.5 X 4 em.) of shim brass 

about 0.0028 cm. thick were placed in a quartz tube (2.5 cm. diameter) inside a horizon- 
tal electric resistance furnace. The quartz tube was sealed, through a cold trap (solid 
carbon dioxide), to a mercury vapor pump and a McLeod gage. The usual vacuum 
which was maintained was about mm. Different pieces of brass were heated a t  
different temperatures ranging from 400 to 900"; and the zinc, which distilled from the 
braqs and condensed in the quartz tube just outside of the furnace, was more or less com- 
pletely removed from the brass during the course of a few hours or a few days, depending 
on the temperature. At intervals the furnace was moved slightly in such a way as to 
expose a new section of the quartz tubing to the cooling effect of the air. In  this way the 
remaining zinc deposited out on an entirely clean surface, and the progress of the dis- 
tillation could be watched very nicely. At the end of the distillation the copper mem- 
brane which was left in the furnace was removed, its loss of weight determined (in some 
instances a small piece of it analyzed for zinc), and then the membrane was tested for 
gas nlolecule porosity in a manner now to be described. 

Determination of Membrane Porosity.-A circular piece of the copper membrane, 
about 15 mm. in diameter, was cut out and mounted10 in a specially made pipe coupling. 
The two large-surfaced pipe ends, between which the copper membrane was interposed, 
were polished steel, and they could be drawn together with a heavy wrench in such 
a way that the copper membrane was held clamped athwart the pipe channel in an  ab- 
solutely leak-proof manner. Each end of the coupling was then connected through a 
glass tubing spiral to a small gas reservoir of known volume, provided with a mercury 
manometer. Both sides of the apparatus were pumped out and always allowed to 
stand for an hour to prove that no leaks were present. The desired gas was then intro- 
duced into the high pressure reservoir and allowed to transpire through the membrane 
into the low pressure reservoir. The rate of gas transpiration was measured by reading 
both of the manometers, the one on the influx side of the membrane and the one on the 
efflux side. In this way a further convincing check on the absence of any leak in the 
system was available. The whole apparatus was set up in a constant temperature room. 
Quite satisfactory reproducibility of transpiration rates was obtained. 

Results and Discussion 

The following gases and vapors were employed to test the porosity of the 
membranes: air, hydrogen, oxygen, nitrogen, water, carbon dioxide, meth- 
ane, ethane, n-pentane, n-hexane, ethyl ether, benzene. A typical 
transpiration run is given in Table I. 

If no leakage, either in or out, occurs, the product of 26.8 cm. (the total 
high pressure drop) into 215.0 cc. (volume of high pressure side) should 
be equal to the product of 19.2 cm. (the low pressure increase) into 292.5 cc. 
(the volume of the low pressure side). This is approximately true, and be- 
comes exactly true, within the limit of the experimental error, when the 
volumes are corrected for the shift in the position of the mercury meniscus 
of the two manometers. 

(10) See Schumacher and Ferguson, THIS JOURNAL, 49, 427 (1927). 
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TABLE I 
TRANSPIRATION OF AIR THROUGH COPPER MEMBRANE 

Membrane No. 3, first piece 
Volume of high pressure side, 215.0 cc.; low pressure side, 292.5 cc. Inside diame- 

ter of coupling, 7.94 mm. Temp., 25.5O. 
Time, High pressure, I,ow pressure, P ,  cm. 
m ~ n .  ~ h ,  cm. 01, cm. Ph - Po k = In (Po/P)/L 

0 75.8 0.1 75.7 . . 
3 75 5 .z5 75.35 (1.55 x 10-3) 
5 75.2 .4 74.8 2.39 
8 74.9 .6 74.3 2.33 

12 74.5 1.0 73.5 2.45 
15 74.2 1.2 73.0 2.42 
20 73.75 1.6 72.15 2.40 
28 72.85 2.25 70.60 2.33 
38 71.85 3.0 68.85 2.49 
50 70.7 3.8 66.9 2.46 
60 69.8 4.5 65.3 2.46 
73 68.6 5 .3  63.3 2.45 

103 61.3 10.3 51.0 2.42 
192 59.4 11.9 47.5 2.43 
220 58.1 12.75 45.45 2.43 
242 56.15 14.2 41.95 2.44 
338 51.3 17.6 33.7 2.41 
394 49 00 19.3 29.7 2.48 - 

Av. = 2.42 X 

It will be noted, in the last column of the table, that the constancy of the 
transpiration constant is good. This is typical of nearly all of the tests 
with other membranes and other gases. The fact that the equation 
-dP/dt = kP, where P is the pressure difference on the two sides of the 
membrane (ph -PI), holds throughout the whole course of the transpira- 
tion means that the flow is molecular and not viscous. This is indeed to be 
expected since the mean free paths of the gas molecules, even a t  atmospheric 
pressure, are certainly much larger than the effective diameters of the pores 
in the copper membrane. 

Different test pieces cut from the same membrane sample sometimes 
showed distinctly different porosities, although they always lined up in the 
same order with respect to porosity to different gases. For example, in 
Table I, the "first piece" cut from Membrane No. 3 is tested. In Table 11, 
the "second piece" cut from the same membrane will be observed to show a 
different porosity to hydrogen gas. The difference could hardly be due to 
variation in thickness in the shim brass, although micrometer measure- 
ment showed that this sometimes amounted to several per cent. The 
thickness of the copper membrane after distillation of the zinc was the 
same, as nearly as it could be measured, as that of the original brass foil. 
The differences in porosity within a given membrane sample are prob- 
ably to be accounted for in terms of slightly different furnace conditions 
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around the sample during preparation. Table 11 indicates the general 
effect of the time and temperature of furnacing on the porosity characteris- 
tics of the membrane. 

TABLE I1 
EFFECT OF TEMPERATURE AND TIME FACTORS ON POROSITY 

Sieve Furnace Time of Loss of Av. k Av. k 
no. t emp,  OC. heating, hr. wt., % for H2 for N2 

4 400 24 3.54 Not porous 
3 (first piece) 475 26l/z 2 6 0  .5.64XlC1-~ . . . . . .  
3 (second picce) 475 261/2 2 6 0  2 1 4 X 1 n - 3  6 7 8 X 1 0 1 *  
2 500 2 . . Not porous 
9 550 243/n 31.43 l . 0 0 X 1 0 - 3  2 .54X10-4  
8 600 19 37 7 8.17 x 10- 5 21 x 

12 900 7 46.0 3 .08X10-2  8 9 6 X 1 0 - 3  

The brass employed for the preparation of the membranes was found, 
by chemical analysis, to contain 32.3% zinc. At the lower temperatures 
even prolonged distillation failed to remove all of the zinc. At the higher 
temperatures, in the range 600-900°, not only was the zinc removed, but 
also some of the copper, which could be seen to condense in the cooler part 
of the quartz tube, a little nearer to the furnace than the zinc. The mem- 
branes prepared a t  600-900' were far more porous to the small molecule 
gases then membranes made a t  lower temperatures, and they would readily 
pass large molecules, such as benzene and ethyl ether, which the low- 
temperature membranes would not allow to pass at  all. In Table I11 are 
listed the relative porosities to different gases, in terms of the transpiration 
constant, of a low-temperature membrane. 

Membrane No. 3 (475"), Second Piece 
Loss in porosity 

Gas Average k to No, % 

Nitrogen 
Hydrogen 
Carbon dioxide 
Methane 
Ethane 
n-Pentane 
Benzene 
Ethyl ether 

After our porosity testing technique had been standardized it was found 
desirable to employ nitrogen as a comparison gas, and to redetermine the 
porosity of the membrane to nitrogen after every exposure to any other 
gas, in order to discover whether any change might have occurred in the 
porosity characteristics of the membrane. This procedure worked very 
satisfactorily; and indeed it was found, as shown in Column 3 of Table 
111, that the larger molecule gases which transpire through the membrane 
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with difficulty, or not at  all, reduce the porosity. Very likely this is due to a 
partial clogging of the pores, or to adsorption a t  the surface of the mem- 
brane, or both. At any rate it was always possible to restore the mem- 
brane to its original condition by a vacuum heat treatment (for three 
hours) a t  400°. 

It is obvious from Column 2 of Table 111 that the smaller molecules 
transpire more readily then the larger ones, and that molecules above a 
certain size do not transpire at  all. 

Size of Pores 
Microscopic observation (magnification 2700 diameters) fails to show 

the presence of any visible pore openings on the surface, even of the more 
highly porous copper membranes prepared a t  900'. Since the transpira- 
tion, as already shown, is undoubtedly a molecular rather than a viscous 
flow, and since the equation for molecular flow would probably not hold 
as well as it is observed to hold unless the mean free path of the transpiring 
molecule is quite large compared with the average pore diameter, we 
are probably justified in assuming that the mean free path is a t  least 
ten times larger than the pore diameter. The mean free path for these 
gaseous molecules is roughly about cm., and thus we may fix an upper 
limit to the pore diameter of approximately cm., or 100 A. Very 
likely the diameter is considerably smaller than this. 

The fact that the gaseous benzene molecule, with a greatest distance of 
about 6 A. across the ring,ll fails to transpire through the membrane 
(Table 111) in measurable amount might be taken as indication that the 
large pores have a diameter not much greater than 6 A. Of course it is 
possible that the whole internal network of pores and tubes becomes lined 
with an adsorbed layer of benzene; and in that case, the actual diameter 
of the copper pores might be as large as 10-20 A. without allowing benzene 
to pass through. 

Dr. Herzfeld and Dr. Smallwood have given a detailed discussion of 
the kinetic theory of transpiration. It is interesting, in the present situa- 
tion, to apply their Equation 307, which emerges from Knudsen's theory, 
and which gives the rate of flow in moles of gas:12 

Here, M is the molecular weight of the gas, and B' has the dimensions of 
an area and depends on the size and shape of the virtual tubes in the 
porous network of the membrane and not on the gas. Herzfeld and 
Smallwood cite the work of Graham upon the passage of gases through 
porous plates of gypsum and meerschaum in support of the above equa- 

(11) Mack, Tnrs JOURNAL, 54, 2141 (1932). 
(12) Herzfeld and Smallwood, Taylor's "Treatise on Physical Chemistry," D. Van Nostrand Co , 

New York, 2d. ed., 1932, p. 73. 



tion. In Table IV the transpiration constants of Table 111, obtained 
with a low-temperature copper membrane, are so treated that the rates 
of flow of the different gases may be compared with that of hydrogen, 
taken as unity; and so that the observed relative rates may be compared 
with those calculated from the above equation. It is to be noted that, 
in the Knudsen theory, the rate of molecular flow does not depend on the 
molecule cross-sectional area, and is inversely proportional to the square 
root of the molecular weight. 

TABLE IV 
OBSERVED AND CALCULATED RELATIVE RATES OF FLOW 

Membrane No. 3, Secoiid Piece 
Observed rate Calcd. rate 

(for Hl set equal (for Hz set 
Gas Average k Moleculdr wt. to  1) equal to 1) 

Nitrogen 6.78 X 28 0.32 0.27 
Hydrogen 21.4 2 1 1 
Carbon dioxide 6 .67  44 0.31 0.21 
Methane 8.80 16 -41 .35 
Ethane 7.69 30 .36 .26 
n-Pentane 2.86 72 .14 .17 

It is a little disturbing to note, in Table IV, that the observed relative 
rates (with the exception of pentane) are hrger than those calculated. If 
it were the other way around, one might possibly find a plausible explana- 
tion in terms of the entrance of the factor of molecule cross-sectional 
area, in these excessively small pores. It would seem either that the 
rates of flow of nitrogen, carbon dioxide, methane and ethane are, for some 
reason, more rapid than they ought to be, or that hydrogen transpires more 
slowly than it should. In view of the relatively small accommodation co- 
efficient of hydrogen, such a result is difficult to understand. On the 
whole, however, the agreement between calculated and observed rates is 
not bad, and is perhaps as good as one could reasonably expect in such a 
complicated structure of exceedingly small pores. The fairly satisfactory 
correlation between the last two columns of Table I V  argues for a fairly 
uniform size of the gas channels. For, if there were a considerable dis- 
persion of sizes among the pores which are actually large enough to pass 
hydrogen and the smaller molecules, we should expect the values for the 
large molecules of Column 4 to be much smaller relative to those of Column 
5 (Table IV), than in the case of the small molecules; but such is not the 
case (with the exception of pentane) . 

In a membrane prepared at  the higher temperatwes (600-900") the zinc 
atoms undoubtedly tear their way out of the brass lattice more violently 
than at  lower temperatures, and this effect together with the partial 
volatilization of the copper and the probable realignment of internal 
structural features due to the play of surface tension and sintering forces 
would naturally lead to larger channels and to a more porous membrane. 
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I t  is interesting to indulge in a little speculation in a rough attempt to 
estimate the population of pores per unit area. For this purpose let us 
imagine that the porosity is due to a system of tiny cylindrical capillary 
tubes running from one face of the membrane to  the other. If we take d, 
the average capillary diameter as 10 A., and ph as a pressure of one atmos- 
phere and p, as zero pressure, we may calculate the rate of flow of hydrogen 
in moles per second through a single capillary by using Knudsen's equation 
(Herzfeld and Smallwood, Equation 304) 

where L is the length of the capillary. Because of the probable tortuosity 
of the capillary channels we might do well to set L equal to about twice the 
thickness of the membrane, namely, 2 X 0.0028 cm. The calculation 
gives about 3.3 X mole per second, or about 2.0 X 10-l7 mole per 
minute, which is equivalent to about 1.2 X lo7 molecules of hydrogen per 
minute through a single capillary, or about 4.9 X 10-l3 cc. a t  76 cm. and 
room temperature. Now with Membrane No. 3 (Table 111), about 0.54 cc. 
of hydrogen per sq. cm. of membrane per minute passed through when 
ph was 1 atm. and was zero (k = 21.4 X lo-*). It follows therefore 
that the number of capillaries per sq. cm. of membrane surface would have 
to be about 1012 to explain the observed rate of flow. This would mean 
about lo6 capillaries per cm., or capillaries of diameter 10 A. spaced about 
100 A. apart. This seems reasonable enough. The volume of 1012 
capillaries of this sort would be about 4.5 X cc., or about one-sixtieth 
of the total volume of the membrane (1 X 0.0028 cc.). Since the volume 
occupied by the zinc atoms in brass of composition 32.3% zinc would prob- 
ably be about one-third of the total, this means that roughly one-twentieth 
of the empty space vacated by the zinc atoms is formed into main artery 
channels large enough to allow passage to the gas molecules, while the rest 
of the spaces deserted by the zinc are too small, or too much like blind 
alleys, to play any part in conducting the gas through the membrane. 

While there is, of course, a considerable latitude for choice of the capillary 
diameter, this simplified but fanciful picture may resemble the actual 
membrane structure, and leads in effect to the same porosity characteristics 
actually possessed by the membrane. The same calculation which has 
here been made for hydrogen flow could be made for any of the other gases. 
The only difference involved would be the different values of M; and the 
different calculated absolute rates of flow would be related to one another 
in the same manner as the relative rates in the last column of Table IV. 

Further Experiments 
It would be extraordinarily interesting if one could make a porous 

membrane by means of which i t  would be possible to separate, by direct 



sieving, small molecules from large molecules in the gas phase. We have 
attempted to do this for a mixture of hydrogen and benzene, and for 
nitrogen and benzene. But, unfortunately, the large benzene molecules, 
which will not pass through the membrane themselves, also stop the flow 
of the smaller molecules. When the temperature of the mixture is raised 
to 400' to drive off the adsorbed benzene molecules, which presumably are 
plugging the holes, flow begins again, but the membrane almost im- 
mediately develops macroscopic lesions and begins to leak. It would not 
seem impossible, however, to make a membrane which would resist de- 
generation a t  400°, and which would thus be able to perform for mixtures of 
gas molecules of various assorted sizes the same function that palladium 
performs for a mixture of hydrogen and nitrogen (although we do not wish 
to commit ourselves to the view that palladium conducts hydrogen by the 
same mechanism as the porous copper membrane). 

Essentially the same sort of porous membranes have been prepared by 
distillation of mercury from a dental amalgam, by the removal of water 
from massive A120g3Hz0,13 and by the evaporation of various solvents 
from various cellulose ester14 films. In the last case the size of the pores 
seems to be conditioned to a considerable extent by the size of the solvent 
molecules which escape from the cellulose ester film as it gradually dries out. 

The authors have attempted, but so far without success, to  carry out a 
reduction (of nitrobenzene) by generating hydrogen electrolytically a t  one 
face of the membrane, and allowing i t  to transpire through the membrane 
before coming into contact with the substance to be reduced, in contrast 
with the usual procedure of generating the hydrogen directly in contact 
with the reducible substance. 

Osmosis 

Callendar's Theory.-In his monograph on "Osmotic PressureJ' 
Findlayl5 gives the essence of Callendar's theory of osmosis in the following 
words: "The semi-permeable membrane consists of fine capillaries which 
are not wetted by the liquids but which admit of the passage of vapour, 
or in other words the membrane is a vapour sieve. Since the pure solvent 
a t  one end of the capillaries has a higher vapour pressure than in the 
solution a t  the other end, distillation will take place from the solvent, 
and the vapour on passing through the capillary will condense on the 
surface of the solution. . . ." 

We have thought that i t  would be intensely interesting to test out this 
theory with our porous copper membrane. For this purpose a membrane 
(No. 5, second piece) was interposed between water and a 2 M sucrose 
solution in an osmotic pressure apparatus in a constant temperature room. 

(13) Samples were very kindly supplied to us by Dr. F. C. Frary, of the Aluminum Company of 
America. 

(14) Kindly furnished by Dr. Wm Hale Charch, of the Dupont Cellophane Company. 
(15) Findlay, "Osmotic Pressure," Longmans, London, 1913, p. 76. 



The osmotic flow was rather slow, and i t  was found necessary to employ a 
glass capillary tube in which to observe conveniently the rise of the sugar 
solution. The observed rise over a period of several days was 2.36 cm. in 
twenty-four hours. The same membrane was then tested for porosity to- 
ward water vapor. From the transpiration constant (1.33 X 10-3) and 
the known vapor pressures of the water and sugar solution (35.26 and 
about 32.29 mm. a t  31.8') and the area of the membrane exposed to 
osmotic flow (58 sq. mm.), the transpiration rate was calculated to be 
1.36 X g. of water per twenty-four hours. This is equivalent to a 
predicted rise in the capillary of 1.46 cm. in twenty-four hours. In the 
case of another membrane (No. 5, third piece) a porosity measurement 
before osmosis gave a predicted daily rise of 1.71 cm., that actually observed 
was 2.72 cm., and a porosity measurement on the same membrane after 
osn~osis gave a predicted rise of 1.19 cm. 

The observed and predicted rates of osmotic flow agree well enough to 
make i t  seem very likely that we have, in the case of porous copper, a t  
least one semi-permeable membrane which may actually allow osmosis to 
occur by the mechanism suggested by Callendar. 

The authors desire to express their appreciation to Dr. Saul Dushman 
of the General Electric Company for helpful suggestions made to us during 
the writing of this paper. 

Summary 

The preparation of a porous copper membrane by vacuum distillation of 
the zinc from thin sheet brass is described. 

The porosity characteristics depend on the time and temperature of the 
preparation. It is shown that the transpiration of a gas through the mem- 
brane is a molecular rather than a viscous flow. Typical relative rates of 
transpiration are given for a number of gases through a membrane which 
will allow small molecules to pass through but is not porous to benzene and 
ethyl ether. 

The pores, in a typical low-temperature membrane, are probably larger 
than 6 A. and smaller than 20 A. in diameter. A calculation gives the 
pore population as about 1012 per sq. cm. 

Callendar's theory of osmosis is tested by interposing a copper mem- 
brane between water and a sugar solution. The agreement between the 
observed and predicted rate of osmotic flow is suiKciently good to make 
the Callendar mechanism seem plausible. 

COLUMBUS, OHIO RECEIVED AUGUST 15, 1932 
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Partial Molal Volumes of Cobalt Sulfate and of Cadmium 
Iodide 

BY R. C. CANTELO AND H. E. PHIFER 

Massonl discovered the empirical linear relation connecting the ap- 

parent molal volume, +, of a solute and the square root of the volume 
molar concentration, c. a and b are constants characteristic of the sub- 
stance dissolved. Of twenty-four strong electrolytes studied, Masson 
found that twenty-two of them conformed to equation (1). Geffcken2 

and Scott3 elaborated upon Masson's work, for uni-univalent electrolytes. 
Geffcken found that equation (I) held with great accuracy for a given 

temperature, for a wide temperature and concentration interval. Scott 
discussed the constant, b, of equation (1) with respect to the additivity in 
infinitely dilute solution, of the apparent molal volumes of the ions. He 
suggested that the constant, a,  is a measure of the interionic forces existing 
in the solution. 

Redlich and Rosenfeld4 derived as a necessary consequence of the 
Debye-Huckel interionic attraction theory, an equation for the partial 
molal volume of a strong electrolyte :5 

As a limiting law for dilute solutions, equation (2) becomes 
vl = p3/ rc1 /x  + v 1 0  (3 

According to Geffcken2 and Masson,l the linear relation (I) held for a 
given electrolyte up to fairly high concentrations, but the slope of the 
curves for electrolytes of the same valence type varied from solute to  
solute in an apparently characteristic manner. Redlich and Rosenfeld6 

upon examining the best experimental data for uni-univalent electrolytes 
(1) Masson, Phil. Mag.. 8, 218 (1928). 
(2) Geffcken, Nalurwissenschaften, 19, 321 (1931);  Z. physik. Chem., A155, 1 (1931). 
(3) Scott, J. Phys Chem., 35, 2315 (1931) 
(4) Redlich, Nalurwissenschaften, 19, 251 (1931); Redlich and Rosenfeld, Z. physik. Chem., AISS, 

65 (1931). 
(5) i j1  = partial molal volume of solute; ~ I O  = partial molal volume at  infinite dilution; q = 

3 DD ZV,Z: 
, v, = number of ions of the zth kind which are formed from a mole- 2.303 R T h  (- - - @); ZJ = - ' 

D bP 2 
cule of electrolyte; 81 = valence of ion of the ith kind; g = 0.328 X lo8; a = ion radius; D = di- 

1 
electric constaut of solution; P - pressure; @ = compressibility of the solution; h = - (-$I 'I2 

2.303 D k l  

( ~ O ) l ' a ;  6 = 4.711 X 10-10 r. s. u.; k = Boltzmann constant = 1.371 X 10-6 ergs drg.-1; N - . , 

Avogadro's number = 6 062 X 1027, T = absolute temperature. 
(6) Redlich and Rosenfeld, Z. Blektrochem., 37, 705 (1931). 



came to  the conclusion that a t  high concentrations the lines were really 
curved, and that a t  great dilution the curves all have the same slope, this 
slope being approximately that required by theory. 

The object of the present investigation was to determine whether the 
partial molal volumes of cobalt sulfate and of cadmium iodide could be 
represented by equations of the form of (2) or (3). 

Cantelo and Payne7 explained the decrease in the transference numbers 
of cobalt sulfate, in the concentration range 0.1 to 2 molar, on the basis of 
formation of complex ions. The presence of complex ions in solutions of 
cadmium iodide has been postulated by McBain, Van Rysselberghe and 
S q u a n ~ e , ~  by Tesche and Van Ry~selberghe,~ by Gooding and Waltonlo 
and by other investigators. 

Since equations (2) and (3) have been derived from a theory of complete 
dissociation of strong electrolytes, i t  is to be expected that solutions con- 
taining complex ions will deviate considerably in behavior from that re- 
quired by these equations. Again, if the partial molal volumes can be 
represented by an equation, V1 = kc1'" TI0, the numerical value of k 
should give a measure of the extent of the deviation, and a possible ex- 
planation for this deviation on the basis of complex ions. Finally, the 
numerical value of V10 will give, to some extent a t  least, a measure of the 
net volume change in infinitely dilute solution due to (a) the breaking 
down of the crystal lattice, (b) the effect of the ionic field upon the dipole 
water molecules. 

Experimental Part 

Cobalt Sulfate.-"International Critical Tables" gives values for the 
densities, 25'/4', of cobalt sulfate solutions for the range 0.065 to 0.558 
molar only. Accordingly, we have used the complete density determina- 
tions, 25O/4', of Payne for the range 0.01 to 2.4 molar." 

The partial molal volumes of water, Vz, in this range of concentration 
were determined according to the "method of intercepts" described by 
Lewis and Randall;12 the corresponding partial molal volumes of cobalt 
sulfate, Vl, were calculated from the equation 

V = V/(nl + nz), where V is the volume of the solution containing n, 
and n~ moles of solute and solvent, respectively, x is the mole fraction of 
solute. The results obtained are given in Column 3 of the data for cobalt 
sulfate given in Table I. 

(7) Cantelo and Payne, J .  Phys. Chem., 36, 1045 (1932). 
(8) McBain, Van Rysselberghe and Squance, ibid. ,  35, 999 (1931). 
(9) Tesche and Van Rysselberghe, Trans. Am. Electvochenz. Soc., 59, 333 (1931). 

(10) Gooding and Walton, J .  Phys. Chem., 35, 3612 (1931). 
(11) Payne. Dissertation, University of Cincinnati, 1931. 
(12) Lewis and Randall, "Thermodynamics," McGraw-Hill Book Co., Inc., 1923, p. 33  



Cadmium Iodide.-Density determinations, 2S0/4O, are given in 
"International Critical Tables" for the concentration range 2 to 45% 
Cd12. However, on account of the straight line relationship obtained, 
when the values of V calculated from these data were plotted against 
the mole fraction, x, of cadmium iodide, we determined densities for 
thirteen interpolated concentrations. Finally, twenty-five points were 
used to determine the functional dependence of V on x .  It is definitely 
linear. The "least squares" equation to the straight line obtained was 
found to be 

v = 49.09~ + 18.07 
- 

(5) 

v1 is thus constant for the whole range of concentration and is found by 
substituting x = 1 in equation (5). TI = 67.16 (see Table I). 

Potassium Chloride.-For purposes of comparison, particularIy with 
respect to the w factor of equations (2) ,  (3)) we have calculated the partial 
molal volumes of potassium chloride from the equation given for this 
salt by Gronwall and La Mer13 

R = 27.02 4- 4.234 m - 1.4706 mZ + 0.20767 m3 (6) 

m = molality. The results obtained are given in Column 3 of the data 
for potassium chloride in Table I. 

Results Obtained.-Table I contains the complete results for the three 
salts. 

TABLE I 
PARTIAL MOLAL VOLUMES AT 25' AND 1 ATM. 

Cobalt Sulfate Potassium Chloride 
- - - 

51 v1 v1 v1 
c cl/a exptl. calcd. c cl/" & L eqn. calcd. 

2250  1.500 16.82 17.57 2.2926 1.5141 31.76 31.63 
1.954 1.397 16.29 16.13 1.6694 12921 30.95 31.05 
1.827 1 3 5 2  15.73 15.49 0 9187 0.9585 29.73 29.88 
1.731 1.315 15.12 14.98 .6689 ,8179 28.22 29.29 
1.615 1.271 14 47 14.35 ,3342 ,5781 28.34 28.29 
1.511 1.229 1376  13.77 .2713 .5209 28.13 28.07 
1.389 1.179 13.01 13.06 
1.265 1.125 12.18 12.30 Cadmium Iodide 
1.121 1.059 11.27 11.38 c, 0.005 to 1 molar, 
0.9721 0.9858 10.23 10.35 V1 = 67.16 

.8752 ,9354 8.976 9.64 
,7261 .8521 8.264 8.47 
,6473 .8044 7.473 7.80 
.5301 ,7280 6.498 6.72 
.3587 .5988 5.271 4.90 

The values of 91 given in Column 3 of Table I have been plotted against 
c " ~ n  Fig. 1. The TI - cl '~cuves are evidently linear for these salts. 
The best equations for the lines were determined by the method of "least 
squares." These equations are 

(13) Gronwall and La Mer, J. Phys. Chem., 31,393 (1927). 
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- 

For CoS04 VI = 14.06 c l / ~  - 3.514 
For KC1 k = 3.652 cl/n + 26.23 
For CdIz VI = 67.16 

Values for the respective VI's calculated from equations (7) and (8) 
are given in Column 4, Table I. The respective molal volumes for the 
three solid salts, cobalt sulfate, potassium chloride, cadmium iodide are 
44.64 cc., 37.58 cc., 64.88 cc. 

0.7 0.9 1.1 1.3 1.5 

Square root o f  molar concentration. 
U 

Fig. 1.-Plot o f  partial molal volumes at 25O: 0, C0S04; 8, KC1. 

Discussion of Results 
Potassium Chloride.-The factor, q, in equations (2) and (3), calcu- 

1 AD lated from Falckenberg's measurements a t  l6.3O of A~ = 46 X 

for the interval 7 to 200 atmospheres, and from P = 49.2 X lo-= and h = 

0.497, has the value 2.7 (for 16.3'). Hence the Redlich equation for po- 
tassium chloride may be written 

VI = 2.7 c1/2 + KO (10) 
The agreement of the coefficients of c1''in equations (8) and (10) can 

be considered satisfactory, in view of the fact pointed out by Redlich 
and Rosenfeld4 that an accuracy of only about 30% can be assigned to the 
numerical value of q. 

If we integrate equation (6) we obtain V, the total volume of solution per 
1000 grams of water. 

V = 0.05192 m4 - 0.4902 m3 + 2.117 m2 + 27.02 m + 1003 (11) 

From equation (11) and the other necessary data, we can calculate the 
contraction per mole of potassium chloride for a solution of molality, m. 
When this is done we find that this contraction per mole is 7.56 cc. for 2.50 
m solution and increases to 11.35 cc. for zero concentration. 



In a recent paper I'earce and Nelson14 showed that the fractional vapor 
pressure lowerings produced by potassium chloride differed least, of all 
the alkali halides, from the theoretical fractional vapor pressure lowerings 
calculated on the assumptions that tlie salts are co~npletcly dissociated 
and that the ions behave as perfect solutes. According to their interpreta- 
tion this means that in the case of potassium chloride solutions, the ionic 
field has little effect in causing the dipole water molecules to lose a part of 
their fugacity. 

Since the ionic field in potassium chioride solutions has little eBect 
upon so characteristic a property as the fugacity of the water molecules, 
it seems plausible to suggest that this field has but little effect also in dis- 
torting the dipole water molecules. 

In other words, the above decreases in volume produced upon solution 
of solid potassium chloride can be assigned to the volume change ac- 
companying the physical change, solid to liquid. 

We shall, therefore, look upon potassium chloride as an electrolyte 
whose behavior in solution does not exhibit abnormalities. 

Cobalt Sulfate.-The Redlich equation for cobalt sulfate is 
BI = 21.6 cl/ + Tio (12) 

The discrepancy in the coefficients of cl/' in equations (7) and (12) is in 
the right direction to be explained by the existence of complex ions. Ac- 
cording to equation (3), the coefficients of cl'"or potassium chloride and 
for cobalt sulfate should be in the ratio 1: 8. Actually, they are in the 
ratio 1: 4. No definite conclusion can be drawn, however, from this in- 
vestigation, as to whether cobalt sulfate does or does not form complex 
ions. 

When we examine the V10 value in (7), we find a tremendous discrepancy 
between it and the value, 44.64 cc., for the solid salt. Massonl explains a 
discrepancy of this kind by assuming hydration of the ions. He says: 
"The true solute is a hydrate whose molecular volume is 4' = 4 + 
(18.016/dW)x = b' + ~ c ' / ? ~ ' S i n c e  actually 4 = b + acl/' is the relation 
plotted, b' = b + (18.016/dW)x. Even though b = q5O = VI0 may be 
negative, the correction added is sufficient to make b' positive. x is "an 
integer indicated by the composition of the hydrate in question." 

For cobalt sulfate, in terms of molality, we have 
Vl = 13.48 m '1'9 - 3.164 (13) 

Upon integration we obtain V, the total volume of solution per 1000 
grams of water. 

V = 8.987 ms/n - 3.164 m f 1003 (14) 

From this equation, and the other necessary data, we obtain for the 
contraction per mole of cobalt sulfate, 34.2 cc. for 2.30 m and 48.15 cc. 
for zero concentration. 

(14) Pearce and Nelson, THIS JOURNAL, 64, 3544 (1932). 



Evidently in the case of cobalt sulfate we have to consider that the 
volume changes upon solution are due to the two effects (a) the change 
from crystal lattice to solution, (b) the effect of the ion field upon the con- 
figuration and volume of the water molecules. Measurements of the 
fractional vapor pressure lowerings produced by cobalt sulfate might 
give some information as to the relative importance of these two effects. 

Cadmium Iodide.-The coefficient of cl/' for cadmium iodide is zero. 
In other words, cadmium iodide solutions do not conform at  all to equa- 
tions (2) and (3), derived from a theory of complete dissociation. This is 
one more abnormality to be added to the many exhibited by this salt.8 

The VP = Vl values of cadmium iodide differ little from the molal 
volume of the solid salt. Evidently, the two effects considered above in 
the case of cobalt sulfate must be negligible or must neutralize each other 
in the case of cadmium iodide. 

It is interesting to note here the equation given by Longsworth for 
Vl for cadmium chloride15 

Vl = 8.82 m '/, + 23.24 (15) 

The coefficients of ml'%nd cl/' will not differ much. qzuv/' for cadmium 
chloride is 14.03; the ratio of the coefficients of equations (8) and (15) 
is a little over 1 : 2 Theoretically this ratio should be about 1 : 5. 

Summary 

I The partial molal volumes of cobalt sulfate a t  2s0, within the range 
0.3 to 2.25 molar, have been determined. 

2. The partial molal volumes of potassium chloride a t  2 5 O ,  within the 
range 0.27 to 2.29 molar, have been calculated from the Gronwall-La 
Mer equation. 

3. The partial molal volumes of cadmium iodide a t  2 5 O ,  within the 
range 0.005 molar to 1 molar, have been determined. 

4. Empirical equations have been derived, governing the linear rela- 
tion between the partial molal volume and the square root of the molar 
concentration, for potassium chloride, cadmium iodide and cobalt sulfate; 
and the constants of these equations have been compared with those of the 
corresponding theoretical equations. 

5. A theoretical discussion of the partial molal volume relations of the 
three salts has been given. 

CINCINNATI, OHIO RECEIVED AUGUST 20, 1932 
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(15) Longsworth, THIS JOURNAL, 64, 2741 (1932). 
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[CONTRIBUTION FROM TIIE CHEMICAL   JAB ORATORIES O F  THE UNIVERSITY OF STOCKHOLM 
AND THE WASHINGTON SQUARE COLLEGE OF NEW YORK UNNERSITY] 

x-Ray Analysis of Iron-Tin Alloys 

The iron-tin system has been the subject of a number of investigations 
in the past. The first extensive examination of the system was completed 
by Isaak and Tammann in 1907.3 Their thermal analysis led them to the 
following condusions: (1) the solubility of tir, in iron is 19 weight per 
cent. a t  all temperatures up to 1140°, (2) at  1140' and between 50-89% 
tin, a region of incomplete miscibility exists in the liquid state, (3 )  a 
compound is formed which undergoes two polymorphic transformations 
in the solid state. Because of marked segregation in many of their alloys, 
they were unable to ascribe a definite formula to the compound. In 1926, 
Wever and Reinecken4 published the results of a thoroughgoing investiga- 
tion of the system. They employed the thermal, magnetometric, and 
microscopic methods of analysis and arrived a t  an equilibrium diagram 
which is rather similar to that of Isaak and Tammann. A compound, 
FesSn, is supposed to be stable a t  elevated temperatures and another 
compound, FeSn2, stable below 890°, is postulated as undergoing three 
polymorphic transformations as the temperature is varied. It is interest- 
ing to note that the diagram of Wever and Reinecken indicates no partial 
miscibility in the liquid state. According to these experimenters, all that is 
necessary, to prevent the segregation of alloys of 50-90yo Sn into layers of 
different density, is rapid stirring of the melt followed by quenching. 
The non-existence of a miscibility gap has, however, been called into ques- 
tion by Ruer and Ku~chmann,~ who examined a 70% Sn alloy and found 
two distinct layers whose microstructure indicated partial miscibility in 
the liquid state. More recently, Edwards and P ree~e ,~  using thermal and 
microscopic methods, have confirmed the existence of a zone of partial 
miscibility in the liquid state (see Fig. I). The equilibrium diagram con- 
structed by these investigators differs from that of Wever and Reinecken 
in the following additional respects: (1) the compound FesSn is not found, 
(2) a compound, Fez&, is stable between 760-900°, (3) a compound, 
FeSn, is stable below 800°, (4) the compound FeSn2 exists only below 
496'. The x-ray analysis of this system has yielded results which are in 
fair agreement with those of the last mentioned workers. The latter have 
apparently overlooked two phases, the y and P' of Fig. 3.  

The number of alloys prepared by the authors may be seen from Table I, 
( 1 )  Washington Square College, New York University. 
( 2 )  Institute of General and Inorganic Chemistry, University of Stockholm. 
(3) Isaak and Tammann, Z. anorg. Chem., 63, 281 (1907). 
(4) Wever and Reinecken, Z. anorg. allgem. Chem., 161, 349 (1926). 
(5) Ruer and Kuschmann, {bid., 153, 260 (1926). 
(6)  Edwards and Preece, J. Iron Steel Inst. (London). 124, 41 (1931).  



which gives a summary of the results obtained in this investigation. 
Electrolytic iron and Kahlbaum tin were used as starting materials and 
the melts were made in a vacuum furnace constructed by G. PhragmCn of 
the Metallographic Institute, Stockholm. The furnace is essentially a 
Tammann furnace operating in vacuum. A glass window in the top of the 
furnace permitted the simultaneous observation of the temperature (optical 
pyrometer) and condition of the melt. In each case the temperature was 
raised to 1550-1570' to ensure complete melting of the iron. Although 
no mechanical means of stirring was provided, the bubbling and spurting 
which took place in the melt both before and after the last of the solid had 
disappeared, was apparently very effective in counteracting segregation 
such as was noticed by previous workers. Even though the melts were 
cooled slowly-about an hour was required to come to room temperature- 
a non-uniform regulus was obtained in only one case, that of the 70010 Sn 
alloy. Several attempts to prepare a uniform alloy of this composition 
resulted in segregation into two layers of approximately equal bulk. The 
x-ray analysis showed each layer to consist of practically a single inter- 
metallic phase (the @ and FeSnz phases). 

I 
o 10 eo so to so M, to  ab oo ' ~ t .  % 

Fig. 1.-Equilibrium diagram of the system F e S n  drawn in accordance with 
the data of Edwards and Preece. 

The several alloys were subjected to different heat treatments as is 
indicated in Table I. The annealing was always carried out upon filings 
of the original melts sealed in evacuated glass or quartz tubes. That 
equilibrium was not always established, even after long annealing, follows 
from the fact that a number of our photograms indicate the presence of 
three and even four phases. This may be laid in large measure to the 
tendency toward sintering which is especially pronounced a t  high tempera- 
tures and in alloys of high tin content. Since the powder method of x-ray 
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analysis was to be employed it was necessary to counteract the sintering. 
The admixture of powdered glass or quartz with the metal filings was 
found quite effective for this purpose. The glass or quartz was removed 
subsequent to the annealing by means of a sieve, or the alloy powder was 
isolated by means of a magnet. 

TABLE I 

SUMMARY OF X-RAY STUDIES OP IRON-TIN ALLOYS 

% 'on At. % Sn Heat treatment Phases Lattice dimensions 

1 0 0.5 Annealed 900°, 1 week a 2.864 A. (pure a-Fe = 2.861 A,) 
Reayst. 650'. 3 min. 
Air cooled 

3.0 1 .5  Ann.900°,1wk. a! 2.871 A. 
Recryst. 600 ", 10 min. 

7.6 3.7 Ann.900°.1wk. a 2 887 A. 
Recryst. 700 " 

12.1 6.0 Ann. 900°, I wk. a 2.903 A 
Recryst. 650°, 10 rnin. 

17.6 9.0 Ann. 900°, 1 wk. a! 2 921 A. 
Recryst. 650°, 10 min. 

27.7O 15. 5a Ann. 90O0, 1 wk. p + a (trace) p: a1 = 5.293 A. 
Recryst. 600°, 10 min." aa = 4.443 

aa/al = 0.839 
27.7 15.5 Ann. 680". 4 days a + B' a!: al = 2.894 A. 

Quenched 
27.7 15.5 Ann. 860°, 2 days a f P" a: a: = 2.922 A. 

Quenched + y(Sn?) pr':al=5.449A. 
aa = 4.353 

aa/al = 0.80 
y: al = 4.179 A. 

as = 5.201 
ar/al = 1.245 

27.7 15.5 Ann.950°,10min. a $ 8 " +  a ! : a 1 = 2 . 9 2 ~ :  
Quenched Sn 8": al = 5.449 A. 

as = 4.353 
aa/al = 0.779 

39.3 23.5 Ann. 450°, 75 min. a! + p a: al = 2.91 A.* 
Quenched 8: al = 5.293 A. 

a3 = 4.442 
aa/al = 0.839 a 

39.3 23.5 Ann. 680 ", 4 days a 4- 8' a!: al = 2,896 A. 
Quenched 

39.3 23.5 Ann.85O0,15min. a + p V + y  
Quenched 

39.3 23.5 Ann.860°,2days a ! + p W +  a!: a l = 2 . 9 2 5 d .  
Quenched r + S n  7: a l = 4 . 1 7 9 d .  

a8 = 5.201 
a8/al = 1.245 

39.3 23.5 Ann. 910 ", quenched a + Sn a!: a1 = 2.924 A. 



TABLE I (Concluded) 
% Sn At. % Sn Heat treatment Phases Lattice dimensions 

39.3 23.5 Ann.920-930°,5min. a +  -y 
Quenched 

48.2 30.4 Ann. 450°, 1 wk. P f very 
Quenched little a 

48.2 30.4 Ann. 680°, 2.5 days a + 0' a: a1 = 2.898 A. 
Quenched 

48.2 30.4 Ann. 860°, 1 day pP+l i t t le  pV:a l=5.449A.  
Quenched Sn a~ = 4.353 

aajal = 0.799 
48.2 30.4 Ann.95O0,1.5hrs. a + S n +  a: a l = 2 . 9 2 4 k  

Quenched 8" 6 ": same as a t  860 

59.4 40.7 Ann. 450". 5 days 0 + a (trace) 0: a, = 5.292 A. 
Quenched as = 4.440 

@/a1 = 0.839 
59.4 40.7 Ann. 660-680°, 2 days 0' 

Quenched 

81.7 67.7 Ann. 330°, 40 hrs. FeSnz FeSnz: a1 = 5.317A. 
Air cooled a3 = 9.236 

aa/al = 1.737 
81.7 67.7 Ann. 450 ", 1 wk. FeSnz 

Quenched 

81.7 67.7 Ann. 600 O, 2 days P 4- Sn 
Quenched 

81.7 67.7 Ann. 680 ", 4 days P -I- Sn P: al = 5.291 A. 
Quenched a8 = 4.437 

a3/al = 0.839 
81.7 67.7 Ann.760-780" Sn f r 
81.7 67.7 Ann. 850-87O0, 30 min. Sn + y 7: al = 4.231 A. 

Quenched a3 = 5.211 
aa/al = 1.232 

90.1 80.0 Ann. 400°, 15 hrs. Sn f FeSnz 
97.7 95.0 Ann. 400°, 15 hrs. Sn f FeSnz 

" It is probable that the ten minutes a t  600° were sufficient to bring about not only 
a recrystallization but also to establish a new equilibrium characteristic of the lower 
temperature. A sample of this alloy was annealed a t  600° thirty minutes and quenched, 
whereupon photograms were obtained which indicated the presence of the 0 and a 

phases. The positions of the diffraction lines were practically identical with those for 
the alloy sample which had been annealed a t  900° and recrystallized a t  600' 

Probably no real equilibrium 
"An alloy containing 71.8% Sn separated into two layers upon cooling. It was 

probably not in a state of equilibrium. The upper layer, containing 78.9% Sn, pro- 
duced the diffraction pattern of FeSnz. The lower layer (54.9y0 Sn) gave the pattern of 
the j3 phase. 

The constants calculated for Sn were identical with those reported for pure Sn 
by Westgren and Phragmen [Z. anorg. allgem. Chem., 175, 80 (1928)J. Iron is therefore 
practically insoluble in tin. 



x-Radiation was obtained from an iron anode in a Siegbahn-Hadding 
type of tube. The cameras were of the focusing type and constructed 
according to the specifications of G. Phragmkn. The mean error of the 
parameter values given is estimated a t  0.002 A. 

The Alpha Phase 

From Table I and Fig. 2 it is apparent that a-iron dissolves increasing 
amounts of tin as the temperature is raised. The value of ax, the length 
of the cube edge in the body-centered a-Fe lattice, increases linearly with 
the concentration of tin. At 680' the solubility of tin in iron is 9.8y0, 
corresponding to al = 2.896 A. At about 900" the solubiIity has increased 
to 18.8%, corresponding to al = 2.925 if.' At higher temperatures the 
solid solubility is very likely even greater. 

2 4 6 8 10 12 14 16 18 
sn, $5. 

Fig. 2.-Expansion of wFe lattice as tin is dissolved. 

The Beta Phase 

Figure 3 represents roughly the results obtained in this investigation. 
The broken lines are simply indications of probable phase boundaries. 
As the Sn concentration is increased at  low temperatures, the a phase is 
followed by a two-phase range in which a appears along with a phase we 
have called /3 (corresponds to FeSn of Edwards and Preece). The crystal 
lattice of the latter possesses hexagonal symmetry. The dimensions of the 
unit cell show practically no change with temperature or composition and 
this may be taken to mean that the f i  phase has a very narrow homogeneity 
range. Confirmation of this point is obtained from an examination of the 
diffraction pattern of the lower layer of the 71.8% Sn alloy, annealed a t  
480'. The pattern shows that the diffraction lines of the @ phase corre- 
spond, within the limits of error, with those found on photograms of alloys 

(7) Compare A. F. Westgren, Trans.  Am.  Inst. Min .  Met. Eng., Inst. Metals Division, 14 (1931). 
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in which /3 is in equilibrium with a. The cell constants of the /3 phase 
as calculated from the photograms of the 59.4% Sn alloy, are: al = 
5.292 A., a3 = 4.440 A., al/al = 0.839. The volume of the unit cell is 
therefore 107.6 A.3 Since the aforementioned alloy still contains traces 
of the a-phase, it is probable that the composition of the 8-phase corre- 
sponds to FeSn (68% Sn). The density of the 59.4% Sn alloy, after 

10 20 30 40 50 60 70 80 90 
Sn, %. 

Fig 3.-Schematic phase diagram of the system Fe-Sn. 

tempering for a week a t  370°, was 7.54 g. per cc. If the alloy is considered 
homogeneous, calculation gives 6.04 atoms per unit cell. In view of this it 
seems most probable that there are six atoms (three groups of FeSn) in the 
elementary prism of the 8 phase. Table I1 is typical of the results ob- 
tained in this investigation. In it the observed sin2 8/2 values for the 

TABLE I1 
DATA TAKEN PROM PHOTOGRAMS OF THE 59.4% SN ALLOY ( B  PHASE) ANNEALED AT 

450" FOR FIVE DAYS AND QUENCHED 
FeK SinW/2 Sin2 e/2 

Intensity radiation h~hzha observed calculated 

S. a! 101 0.0917 0.0918 
w. 0 110 .lo92 .lo98 
s. a 110 .I332 .I335 
v. w. B 111 .I486 .I488 
w. @ 002 .I559 .I562 
w. a 200 .I780 .I780 
w. LY 111 .I808 .I808 
w. B 201 .I855 .I855 
m. a 002 .I892 .I892 
v. W. (Y 110 (aFe) .2200 .2200 
v. S. a 201 .2251 .2253 
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TABLE I1 (Concluded) 
FeK Sin2 8 / 2  Sins 8/2 

Intensity Radlat~on h1h~h3 observed calculated 

v. w. QZ 303 .SO3 ,8303 

s. (diff.) 011 { .8912 {:::: 
m. (diff .) 

( 114 
,8952 

.8962 
012 \ 321 1 .8951 

v. w. a1 402 .go14 .9012 

s. = strong. v. s. = very strong. m. = medium w. = weak. diff. = diffuse. 



p phase are compared with those calculated from the following quadratic 
form characteristic of the hexagonal system. 

For K,, the corresponding constants in the equation are: 0.0446, 0.04765, 
and for KO: 0.0366 and 0.03905. In Fig. 4 may be seen the photograms 
of the most deviated diffraction lines of this as well as the other phases 
encountered in the system. 

An- 
neal- 

Wt., ing 
% temp. 
Sn O C .  

Phases 

Sn 

Fig. 4.-Powder photograms of Fe-Sn alloys annealed a t  various 
temperatures. 

The FeSnz Phase 
The alloy containing 81.770 Sn yielded the diffraction pattern of a single 

phase after annealing a t  330 or 450'. The same pattern was found, to- 
gether with Sn, for alloys containing 90.1 and 9'7.7Y0 Sn, when annealed a t  
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400'. The upper layer of the 71.8% alloy, when annealed a t  450°, also 
produced diffraction lines identical with those of the 81.7y0 alloy. All of 
these facts indicate that a phase possessing a very narrow homogeneity 
interval is stable a t  a composition corresponding almost exactly to FeSnz 
(81.0yc Sn). This phase, like the fi phase, belongs to the hexagonal sys- 
tem. The dimensions of the unit prism are: al = 5.317 A., as = 9.236 A., 
a3/al = 1.737, and the volume is 226.1 A3. The density of the unannealed 
alloy was 7.60 g./cc. which gives, by calculation, 10.7 atoms per unit cell. 
It is likely that this is low, since the alloy in this condition contained con- 
siderable tin (density 7.31 g./cc.). Annealing produced a very brittle and 
porous structure whose density was difficult to determine. The authors 
are of the opinion that the unit cell of the FeSnz phase contains twelve 
atoms (4 FeSnz). 

The quadratic equation reproducing the observed sin2 6/2 values and 
leading to the constants given for the unit cell size, is: 

The corresponding constants for K,, are: 0.04419, 0.01101, and for Kg, 
0.03628, 0.00900. 

The Beta' Phase (or Phases) 
Alloys containing 27, 39, 45 or 59% Sn, when annealed a t  680°, all gave 

rise to a diffraction pattern which characterizes the fi' phase. From the 
powder data alone, the authors have not been able to discover the sym- 
metry and dimensions of the unit cell of this phase. The well-known 
graphical methods of Hull and Davey and the more recent graphical 
method of Bjurstrom have not given any clue8 to the structure of the fi' 
phase. In view of the difficulty experienced in obtaining a quadratic form 
satisfying the sin2 6/2 values of the P' phase, the authors consider i t  
possible that the diffraction pattern is in reality due to a mixture of two 
phases. Opposed to this view, however, stands the fact that the relative 
intensities of the lines of the fi' pattern remain practically the same whether 
the alloy contains 27, 39 or 4Syo Sn. 

The Beta" Phase 
The powder photograms of alloys contaitiirig 27, 39 or 48yo Sn and 

annealed a t  860°, all contain the fi" phase (corresponds to Fe2Sn of 
Edwards and Preece) among other phases. The phase is also present in the 
27 and 48% alloys when quenched from 950'. A glance a t  the summary of 
results will show that the alloys quenched from this region of the tempera- 
ture-composition diagram were usually not in equilibrium, i. e. ,  three and 
even four phases were present. Two explanations may be given for this: 
(1) liquation, or the formation of tin-rich liquid during the annealing, and 

(8) Bjurstrdm, Z. Physzk, 69, 346 (1931). 
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(2) the possibility that transformations took place in the time that elapsed 
between withdrawal from the annealing furnace and entrance into the 
quenching bath. The absence of equilibrium has made it difficult to single 
out the region of the equilibrium diagram in which the O K  phase will be 
stable. Tentatively it may be said that the phase can exist between 750 
and 950°. 

On all the photograms containing it, the 0" phase presents the same 
diffraction pattern, andthere is therefore no variation in the dimensions 
of the unit cell. There exists, presumably, a very narrow homogeneity 
range for the phase. The latter crystallizes in the hexagonal system and 
the size of the unit cell may be calculated with the aid of the constants given 
in the quadratic forms below. The dimensions are: al = 5.449 A., a3 = 

4.353 A., a3/al = 0.799. The volume of the unit cell is 111.9 A3. The 
alloy containing 48% tin (860') comes nearest to containing only P". 
The density of this alloy, 7.68 g./cc., gives by calculation 6.7 atoms per 
unit cell. I t  is likely that the number of atoms is six and that the slightly 
larger number found is to be attributed to having used a value for the 
density that was too high. The density measurements were made upon a 
piece of the alloy that was in low-temperature equilibrium, i. e., contained 
the p and the relatively heavy ar phase. The composition of the 48% alloy 
corresponds closely to FezSn (51%) and it is probable that the unit cell of 
O K  contains two groups of FezSn. The P" phase differs only very little 
from the (? phase in dimensions and volume of the unit of structure. Quad- 
ratic forms which will give the sin2 0/2 values are 

8 
( K )  sin2 - = 0.0419(h: + hlhz + hi) f 0.04925hi 

2 
8 

(Ka,) sin2 - = 0.0421(hf + hlhz + hi)  + 0.04945k: 
2 

The Gamma Phase 

According to V. M. Goldschmidt

Q 

the nickel arsenide type of crystal 
structure is to be looked for whenever we have the possibility of union 
between a transition element and an element whose atoms are large and 
easily polarized. Iron and tin furnish such a pair. In a large number of 
related systems, such as Fe-Sb, Fe-Se, Fe-S, Cu-Sn, AuSn, Ni-Sn, etc., 
a phase having the characteristic nickel arsenide structure exists. In the 
Fe-Sn system such a phase (y) has been found in alloys containing 27, 39 
and 81% Sn, when quenched from 750-900'. Although no homogeneous 
alloy was obtained, it is assumed that the composition range of the phase 
lies close to FeSn (68y0 Sn). I t  is possible, however, that the homogeneity 
range does not include this concentration. This was found to be the case 

(9) Goldschmidt, Ber., 60,1286 (1927); Trans. Faraday Soc., 25,253 (1929). 



in the related systems Fe-Sb,l0 Cu-Snl1 and Ni-Bi,12 in each of which the 
nickel arsenide type of phase contains an excess of the atoms of the transi- 
tion element. The y phase is apparently homogeneous over a small range 
of concentrations since its unit cell dinlensions vary from al = 4.179 ik., 
n3 = 5.201 A., a3/al = 1.245 on the iron-rich side of the homogeneity inter- 
val to al = 4.231 A., a3 = 5.211 A., a8/al = 1.232 on the tin-rich side. 
The volume of the unit cell varies from 75.63 to 80.75 A3. Since the y 
phase was not obtained homogeneous, any calculation of the number of 
atoms per unit celi wiii necessarily give only approximate results. Using a 
density value obtained by extrapolation from the densities of the 59.4 and 
81.7y0 Sn alloys, we arrive a t  4.15 atoms per unit cell. This is quite close 
to 4, which is the value to be expected in the nickel arsenide structure. 
There are, then, two iron and two tin atoms in each elementary parallelo- 
piped. The following quadratic forms serve to calculate the values of 
sin2 @/2. 

( K )  sin2 - = 0.06964(h; + hlhz + hi) + 0.0345hi 2 
8 

(K,) sin2 5 = 0.06985(h: + h~hz + hi) + 0.03465h2, 
The Tin Phase 

On all the photograms in which this phase appeared, the diffraction lines 
occupied positions identical with those of pure tin. Iron and the inter- 
metallic phases already mentioned are, therefore, practically insoluble in 
tin. 

Correlation of the Results with Previous Work 

A number of references have already been made to the interrelation of 
our results and those obtained by other workers. The latest thermal 
diagram for this system, that by Edwards and Preece, agrees on the whole 
with the x-ray analysis, but some phases (@' and 7) present a t  higher 
temperatures have been overlooked by these investigators. The complete 
accord existing a t  lower temperatures leads us to the conclusion that the 
diagram of Edwards and Preece may be taken as substantially correct 
below 496". The fact that an alloy containing 82% Sn, when tempered a t  
600" for two days and then quenched, consists almost entirely of the /3 and 
Sn phases, substantiates the conclusion of Edwards and Preece, i. e., that 
FeSns decomposes into FeSn and Sn when heated to ca. 496'. Our analy- 
sis shows that the solubility of tin in iron falls off more rapidly with tem- 
perature than is indicated on the aforementioned diagram or that of Wever 
and Reinecken. The solubility (Fig. 3) is about 10% a t  680° instead of 
15% as shown by the previous authors. Figure 3 indicates that the phases 

(10) Hagg, 2. Krist., 68, 470 (1928). 
(11) Westgren and Phragmen, 2. anorg. allgem. Chem , 175, 80 (1928). 
(12) Hagg and Funke, 2. Dhysik. Chem., B6, 272 (1930). 
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and p' are formed through transformations in the solid state whereas the 
FeSnz is probably formed by reaction of the P phase with the melt. For 
reasons already stated, the homogeneity ranges of the phases stable a t  
elevated temperatures have not been fixed. It is clear, however, that there 
are a t  least four intermetallic phases (a, P', 0") y) stable in the temperature 
interval 650-950". Because of the possibility that 0' represents more than 
one phase, there may be five phases in this interval. The authors are of the 
opinion that the question of the constitution of Fe-Sn alloys, in the range 
10-100% Sn and a t  temperatures above 496", is far from settled and that 
much additional work will be necessary before this portion of the diagram 
is completed. 

Summary 
A number of alloys in the system F e S n  have been examined by means 

of the powder method of crystal analysis. The following phases were 
found. 

Alpha Phase.-A solid solution of tin in alpha iron. The solubility a t  
680" is 9.8% Sn. At 900" it is 18.8%. The length of the cube edge in the 
body-centered a-Fe lattice increases linearly with the concentration of tin. 

Beta Phase.-This phase has a hexagonal structure and a very narrow 
homogeneity range. The cell constants are: al = 5.292 fi., a3 = 4.440 fi., 
a3/al = 0.839. It is probable that the composition corresponds to FeSn 
and that the unit cell contains six atoms (three groups of FeSn). 

Betaf Phase.-Alloys containing 27, 39, 48 and 59% Sn all show the 
presence of the 0' phase after annealing a t  680". With the usual methods, 
the authors have not been able to discover the symmetry and dimensions 
of the unit cell of this phase. It is considered possible that the so-called P' 
phase is in reality a mixture of two or more phases. 

Beta'' Phase.-Alloys containing 27, 39 or 48% Sn and annealed a t  
860 ", contain the P" phase. The exact stability range of this as well as the 
other high temperature phases in the system could not be determined 
because of the difficulty of obtaining equilibrium in the alloys. The 
diffraction patterns indicate a very narrow homogeneity interval. The 
phase is hexagonal and has the following unit cell dimensions: al = 5.449 fi., 
a3 = 4.353 A., a3/al = 0.799. Density measurements indicate the presence 
of six atoms in the cell, which makes i t  probable that there are two groups 
of FezSn. 

Gamma Phase.-This phase was found in alloys quenched from 750- 
900" and containing 27, 39 and 81% Sn. It has the nickel arsenide struc- 
ture and i t  is assumed that the composition is close to that indicated by the 
formula FeSn. The dimensions of the unit cell vary from a1 = 4.231 A., 
a3 = 5.211 ti., at/al = 1.232 to al = 4.179 fi., a3 = 5.201 A., a3/al = 1.245 
and the phase is probably homogeneous over a small range of concentra- 
tions. 
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FeSnz Phase.--The photograms of this phase indicate a very narrow 
homogeneity interval, corresponding almost exactly with the composition 
FeSnz. The unit cell is probably hexagonal, having the following dimen- 
sions: a1 = 5.317 A., as = 9.236 k., aa/al - 1.787. It is likely that the 
cell contains twelve atoms, i. e., 4 FeSnz. 

Sn Phase.-The diffraction pattern of this phase, as found in a number 
of our alloys, does not differ from that of pure tin. I t  follows from this 
that iron and the other phases in the system are insolublc in tin. -. llle discrepancies existing between the results of the x-ray analysis and 
the thermal diagram for the system as set up by Edwards and Preece, have 
been indicated and discussed. 

NEW YORK CITY RECEIVED SEPTEMBER 14, 1932 
STOCKHOLM, SWEDEN PUBLISHBD APRIL 6, 1933 

Thermodynamic Functions of Hydrocarbon Gases from 
Spectroscopic Data1 

Methods 

Within the last few years spectroscopic data for numerous diatomic 
molecules have been used to give very accurate values for those thermo- 
dynamic functions which do not involve the absolute value of H. The 
same methods may be applied to polyatomic molecules; here the spectro- 
scopic data are usually both less accurate and less complete; nevertheless, 
there seem to be a number of cases in which such calculations may be use- 
fully made. In the present article, methane, ethylene and acetylene will 
be considered. 

The method used has been given in principle by G iauqu~ ,~  but since there 
are a number of short cuts which may be used when making approximate 
calculations, the procedure to be followed will be described briefly. 

For molecules with energy levels 0, el, €2 . . . and associated quantum 
weights Po, pl, p, . . . the Maxwell-Boltzmann distribution law may be 
written in the form 

H = - N (d log Q/dO) (1) 
where 

and 

(1) Published by permission of the Director, U. S. Bureau of Mines. (Not subject to copyright.) 
(2) Associate physical chemist, U. S. Bureau of Mines, Pittsburgh Experiment Station, Pittsburgh, 

Pa. 
(3) Giauque, THIS JOURNAL, 62, 4808 (1930). 



Here N is Avogadro's number, and H is the contribution of internal energy 
to the heat content; likewise, the contributions to other thermodynamic 
functions are 

Cp = a H / b T  = R e 2  d 2 log Q/de2  (4) 

.S = f Cp d log T 

= R l o g Q  - R e d l o g Q / d e  - R l o g p o  ( 5 )  
FIT = H / T  - S 

= - R  log Q + R log po (6) 

I t  is easily verified that whenever the energy splits up into a sum of 
independent terms, each of them contributes multiplicatively to Q, and 
additively to the thermodynamic functions. When the separate energy 
terms are sufficiently simple in form, the summation in (2) can be handled 
analytically. The terms into which the energy actually splits are the 
levels for a rotator or top, plus those for a number of oscillators; in the 
present treatment, the rotator will be considered rigid, and the oscillators 
harmonic. 

For an harmonic oscillator 
Q = 1 + e- v +- e-ZP + . . . 

= l / ( l  - e- P)  (7) 
where 

(o = h v / k ~  (8 )  
Then 

H = R T r p / ( e ~  - 1) (9) 
S = -R log (1 - e- v)  f Rp/(ev  - 1 )  (10) 

FIT = R log (1 - e- v)  (11)  

It proves convenient in making calculations for polyatomic molecules to 
use a table of FIT as a function of p, such as that given by N e r n ~ t . ~  

For a rigid rotator 

where 
o = h2/8?r2JkT 

For room temperature or higher, a is quite small, and the greater part of 
the sum comes from a group of terms with large values of m, the change 
from term to term in this region being slight. It is then possible to ap- 
proximate the sum by an integral; the most direct way to do this is to 
replace (2j  f 1) e-j( jS- l )u by 

(2x  + 1)e-x(xS dx; this gives 
j  - I/* S' ' '" 

(4) Nernst, "Grundlagen d. neuen WarmesBtzes," 1918. 
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There are, however, other ways of replacing a sum by an integral (the in- 
verse of the trapezoidal rule, the parabolic rule, etc.), and when these are 
used results are obtained which agree only in the leading term. The sum- 
mation (i2) has been treated by Mulholland3 by more powerful methods; 
his result, in the present notation, is 

Q = l / u  + 1/3 + . . . (15)  

Giauque and OverstreetG have considered the effect of molecular stretch- 
ing, and given a convenient approximate method of handling the necessary 
summations; they show that neglect of this correction would produce an 
error of about 0.03 cal./mole/degree for hydrogen chloride at 2000°. An 
error of this magnitude is of course not permissible in their precise cal- 
culations, but it is of little importance for the present purposes. 

Using Mulholland's result, we obtain for a rigid rotator 
H =  RT(1 - u / 3  + ...) (16)  
S = - R l o g u  + R - Ru2/90 f .. . (17)  

F I T  = Rlogu - Ru/3 + ... (18)  

For a rigid top with three equal moments of inertia me have 

The first approximation may be obtained by replacing the sum with an 
integral, as before. In lieu of a correct treatment of this case, such as 
that given by Mulholland for the rotator, it  proves possible to determine 
the second term in the expansion by numerical examples. The result is 

Q = fi u - ~ / %  (1  + u/4 + . . .) (20)  
This leads to 

H =  (3 /2)RT( l  - u/6 f ...) (21)  
S = ( R j 2 )  log rr - (3R/2)  log u + 3R/2 + . . . (22)  

F/ T = - ( R / 2 )  log r + (3R/2)  log u - Ru/4 + . . . (23) 

For a symmetrical 
increasing difficulty. 
Rademacher7 as 

where 

top, with moments of inertia A, A and C, we encounter 
The rotational levels have been given by Reiche and 

E ~ , K  = j ( j + l ) u + ~ ~ r  I K I  S j  (24)  

o = h2R/8s2A (25)  

T = (h20/8r2) (i - i) (26) 

p = u + r  (27) 

The multiplicity of each ej, ,  is 2j + 1. For this case 

, (2m + 1)e-m(m+l)s d m d ~  
= C. 

( 5 )  Mulholland, Proc. Cambridge Phil .  Soc., 24,  280 (1928). 
(6) Giauque and Overstreet, THIS JOURNAL, 54, 1731 (1932).  
(7)  Reiche and Rademacher, Z. Physik,  39, 444 (1926). 



It is unlikely that the expansion in (28) is exactly correct beyond the 
first term. Using only this term, we obtain 

H = 3RT/2 (29) 
S = ( R / 2 )  log ?r - R log u - (R /2)  log T f 3R/2 (30)  

FIT = - ( R  / 2 )  log T + R log u + ( R / 2 )  log 7 (31) 

For molecules with three different moments of inertia, it  is not possible 
to express the energy levels by a formula; there is no real doubt, however, 
that for this case, to the same order of accuracy, it is merely necessary to 
replace a in (30) and (31) by (uIu~)"'. 

The contribution from translation is given by the Sackur-Tetrode equa- 
tion; a t  l atm. pressure 

S = (5R/2)  log T + (3R/2)  log M - 2.300 (32) 
Szss = 6.8625 loglo M + 26.000 (33)  

FIT = 7.267 - (3R/2)  log M - (5R/2)  log T (34)  

Actual molecules differ from the simple models we have so far considered 
because nuclei have spins and obey non-classical statistics. As a result, 
some rotational levels are actually not occupied, while others have quantum 
weights greater than those which we have assigned. For diatomic mole- 
cules these changes are relatively simple; thus for oxygen the even- 
numbered rotational levels are missing, while for hydrogen the odd-num- 
bered levels (ortho-hydrogen) are relatively three times as abundant as the 
even. For polyatomic molecules, the changes are much more complex, 
and their determination is a matter of considerable difficulty. It is for- 
tunate that for most purposes a much less detailed analysis will suffice; 
this comes about in the following way. Whenever it is permissible to 
replace the simple rotational Q-sum by an integral, the correct Q-sum, with 
an error only slightly larger, can be replaced by the same integral, with a 
numerical multiplier which gives the ratio of the actual number of rota- 
tional levels to the number for a simple rotator or top. At low tempera- 
tures this will no longer be permissible, and detailed calculations must be 
made. For room temperature and higher, however, it will always be a fair 
approximation to multiply the Q integral with a correction factor f i. 

Ludloff8 has shown that this factor is the product of the spin multiplicities 
for the nuclei, divided by the number of equivalent rotational orientations 
for the molecule. For oxygen, this factor is just 1/2, since the 0 atom has 
no spin; for hydrogen it is 22/2 = 2; for ammonia it is 3 X 23/3 = 8, 

(8) Ludloff, Z. Physik,  67, 227 (1929). 
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assuming a pyramid structure; for methane, tetrahedral, z4/lZ = 4 / 3 ;  
for acetylene, linear, 22/2 = 2; ethylene, with a plane structure, 24/4 = 

4; ethane, probably 26/6 = 32/3, though a more detailed analysis is desir- 
able where bond rotation can occur. 

In making calculations, i t  is conveninent to combine the contributions 
from translation, rotation and nuclear spin. We thus get the following 
formulas 

Rotator 
5' = (7/2)R log T + (3/2) R log _M + 175 375 + R log J -+ R log p (35) 

S2g8 = (3/2) R log M f R log .7 + R log p + 214.995 (36) 
FIT = -(7/2) R log T - (3/2) R log &I - R log J - R log p - 168.421 (37) 
TOP 

S = 4 R log T + ( 3 / 2 )  R log M f (1/2) R log ABC + R log p + 265.349 (38) 
S298 = (312) R log M + (1/2) R log ABC + R log p + 310.629 (39) 
F/T = -4R log T - (3/2) R log Af - (1/2) R log ABC - R logp - 257.401 (40) 

Here J is the moment of inertia of the rotator, and A ,  B, C the three prin- 
cipal moments of the top. In using the formulas, R log, 10 is a conven- 
tional constant with the value 4.57500. Other physical constants are 
taken from "International Critical Tables." 

Calculations 
Methane is presumably a symmetrical tetrahedron, and should have all 

three moments of inertia equal. Actually Cooley
g 
observed three different 

spacings in the three infra-red bands that he measured. It is uncertain 
how this result should be interpreted, as a molecule with two or three 
different moments of inertia woulh not lead to such a result. In the present 
calculations we shall use the value obtained from Rarnan spectra,1° 5.17 X 

g. which leads to a reasonable CH distance, and must certainly 
be almost correct.loa 

Methane has nine modes of vibration, with four distinct frequencies. 
The first analysis was made by Dennisonl1 who found two triple vibrations 
a t  1304 em.-l and 3014 cm.-l, a double vibration at 1520 cm.-l, and a 
single one a t  4217 cm.-l. The Raman observations of Dickinson, Dillon 
and Rasetti show clearly that 4217 cm.-I is a combination frequency, and 
that the fourth normal frequency is 2915 cm.-l.12 The vibrational analysis 
has been made in a different way by Mecke.13 He used a treatment based 
on the concepts of valence and bending vibrations which is probably 
preferable to the central force analysis of Dennison. The result is that 
1304 cm.-l becomes a double vibration and 1520 ~ r n . - ~  a triple vibration; 

(9) Cooley, AstroPhys. J., 62, 73 (1925). 
(10) Dickinson, Dillon and Rasetti, Phys. Rev., 34, 582 (1929). 
(10a) Teller and Tisza, 2. Physzk, 73, 791 (1932), have explained the variable spacings in the infra- 

red bands by rotation-vibration interaction, thus making the Raman moment of inertia stiI1 more likely. 
(11) Dennison, Astrophys. J., 62, 84 (1925). 
(12) Villars was apparently one of the first to adopt this change; New Orleans meeting, American 

Chemical Society, March, 1932. 
(13) Mecke, Z. physik. Chem., 17B, 1 (1932). 



aside from this one point, there seems to be no doubt about the frequencies. 
We shall make the calculations using both the Dennison-Villars and the 
Mecke assignment. l4 

The thermal values necessary are known with quite sufficient accuracy 
in this case. The heat of combustion of graphite a t  25' is 94,240 cal.,l5 
and this value is unchanged when corrected to 18'. The heat of combus- 
tion of hydrogen16 a t  18' is 68,367 cal., and that of methane1' is 212,946 cal. 
The heat content of graphite a t  18O is 239 ca1.;18 the heat content of hydro- 
gen a t  18' is given by Giauque'slg spectroscopic calculations as 1975 cal. 
The heat content of methane a t  18' is calculated by (9) and (21) as 2335 
cal. From these data the heat of formation of methane gas from hydrogen 
gas and @-graphite at  the absolute zero is + 16,174 cal. 

The spectroscopic values of (FO -E,")/T for hydrogen have been given 
by Giauque.19 Values of this function for @-graphite have been computed 
by Clayton and GiauqueZ0 from specific heat data. An independent cal- 
culation, with a presumably different choice of specific heat equations, 
gave a maximum deviation of 0.009 cal./deg. up to 1500°K., rising to 
0.039 a t  3000°K. For the sake of uniformity, Clayton and Giauque's 
values are adopted here. 

Table I gives the absolute value (including nuclear spin) of (FO -E,")/T 
for methane, from spectroscopic data alone, and the values of AF/T and 
loglo K for its formation from the elements, based also on the foregoing 
heat of reaction. No entirely reliable equilibrium measurements are 
available. At the lower temperatures, it is very difficult to attain equilib- 
rium with any catalyst, and there is also some uncertainty as to whether or 
not the effective solid phase is @-graphite. At the higher temperatures, 
hot carbon rods in non-isothermal systems have been used, and there is 
the possibility of perturbing reactions in the cooler parts of the systems. 
At the highest temperatures attained, there is clearly a very considerable 
formation of methane from acetylene in this way. Figure 1 shows the 
results of a number of workers; it is clear that the present calculations 
agree with the bulk of the data fairly well; the early work of Pring and his 

(14) Since this paper was written, i t  has been suggested by Ruedy [Canada J. Research, 7 ,  328 
(1932)l that  the 1520 cm.-1 frequency should be replaced by 1100 cm.-1 Neither of these has been 
directly observed, and i t  is doubtful whether or not the change is desirable. If the change is made, 
methane becomes more stable a t  all temperatures, the effect increasing with the temperature; a t  
2000°K. the free energy of formation would be increased 2334 cal. and the equilibrium constant in- 
creased 80%; the agreement with experiment would be appreciably less good than a t  present. 

(15) Roth and Naeser, Z. Elektrochem., 31, 461 (1925); Giauque, THIS JOURNAL, 64, 2623 (1932). 
Since this paper was submitted for publication, Gordon and Barnes, J. Phys. Chem., 36, 2601 (1932), 
have made spectroscopic calculations of the methane equilibrium up to 1200°K. They have used for 
the heat of combustion of graphite the older value 94,420 cal., and they have followed also the original 
Dennison assignment of frequencies. 

(16) Rossini, Bur. Standards J. Research, 6 ,  1 (1931). 
(17) Rossini, ibid., 6, 37 (1931). 
(18) "International Critical Tables," Vol. V. 
(19) Giauque, Tars JOURNAL, 62,4816 (1930). 
(20) Clayton and Giauque, ibid., 64,2610 (1932). 



associates is surprisingly correct. With this assurance that there is no 
unsuspected gross error, i t  seems reasonable to assume that the calculated 
equilibrium constant is not in error by more than 25% up to the highest 
temperature given. 

TABLE I 
FREE ENERGY OF METHANE 

Denuison-Villars Mecke 
7‘ - ( P O  - E , O ) / T  A F / I .  loglo K - ( F O  - &O)/T 

250 40.525 . . . . ... 40.525 
300 41.986 -40 879 8.935 41.982 
350 43 232 -32.175 7 033 43.226 
400 44.334 -25 529 5.580 44.323 
450 45.325 -20 153 4.405 45.309 
500 46.228 -15.956 3.488 46.205 
550 47.073 -12 387 2.708 47.043 
600 47.867 - 9 367 2.047 47.829 
650 48.621 - 6 782 1.482 48 576 
700 49.336 - 4 534 0.991 49.284 
750 50.023 - 2.564 .560 49.963 
800 50.686 - 0.821 .I80 50 617 
850 51.322 + 0.732 - .I60 51.247 
900 51.949 + 2.115 - .462 51.865 
950 52 548 + 3.369 - .736 52.458 

1000 53.134 + 4.504 - .985 53.037 
1050 53 704 + 5 536 -1.210 53.601 
1100 54.258 + 6.481 -1.417 54.150 
1150 54.804 + 7.344 _1.605 54.690 
1200 55.336 + 8.141 -1.779 55.217 
12.50 55.863 + 8.870 -1.939 55.738 
1300 56.373 + 9.548 -2.087 56.243 
1400 57.361 +10.767 -2.354 57.222 
1500 58.316 +11.828 -2.585 58.168 
1600 59.238 +12.763 -2.790 59.083 
1700 60.132 +13.586 -2.970 59.970 
1800 60.999 f14.313 -3.129 60.830 
1900 61.831 +14.966 -3.271 61.656 
2000 62.645 +15.542 -3.397 62.465 
2100 63.431 +16.065 -3.511 63.246 
2200 64.197 +16.542 -3.616 64.006 
2300 64.937 +16.988 -3.713 64.743 
2400 65.667 +17.390 -3.801 65.470 
2500 66.371 +17.770 -3.8% 66.170 
2600 67.068 f18.115 -3.960 66.864 
2700 67.730 + 18.451 -4.033 67.521 
2800 68.389 +l8.750 -4.098 68.177 
2900 69.031 +19.029 -4.159 68.815 
3000 69.649 +19.296 -4.218 69.431 
3500 72.568 . . . . . . .  72.339 
4000 75.212 . . . . . . .  74.971 
4500 77.589 . . . . . . . 77.342 
5000 79.799 . . . .  ... 79.544 
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The tabular method of presenting free energy values, which has been 
used exclusively in Giauque's publications, does not appear to be entirely 
satisfactory; interpolation, even using third and fourth differences, is not 
accurate to 0.001 of a unit. Accurate values may be obtained by fitting 
an equation of the type 

A F / T =  A / T + B + C T , o r  AF/T = A / T + B  f C l o g T  

to three successive entries in the tables. The derivative of such an equa- 
tion, preferably one of the second kind, will give a fairly satisfactory value 
of AH, the error in the worst cases being only about 50 cal.; the second de- 
rivative will give a very rough estimate of AC*. The use of such a procedure 
would be very laborious in some cases, and it seems that an attempt 
should be made to give a single equation applicable over the entire range 
of temperature. I t  proves to be almost impossible to accomplish this with 
the usual form of equation. Closer consideration of the problem suggests 
that since AF/T is changing rapidly when T is small and slowly when it is 
large, a power series in T should not be expected to fit well; the inclusion 
of terms of the form 1/T2 and l/T3, in addition to the usual 1/T, leads to 
much better results. The most satisfactory equation which has been 
found for methane, with the Dennison-Villars choice of frequencies, is 
A F / T  = -24,903.5/T + 1,763,748/T2 - 1501 X 105/T3 - 

0.4607 loglo T - 9.194 X lo-' T + 29.2749 (41) 

This equation reproduces the tabulated values with a maximum deviation 
of 0.026 in AF/T, or 62 cal. in AF,  or 1.3y0 in K. I t  has been made to 
give a value of AH2s1 correkt within 6 cal., but a t  other temperatures the 
agreement is less good, the possible error being about 100 cal. It seems 
probable that more accurate A H  values than this cannot be obtained 
from AF, and must be directly calculated when needed. A 5-constant 
equation only slightly less satisfactory than the preceding one is 
AF/T = -25,714.6/T + 2,041,540/P - 1890 X 

105/T3 - 1.5051 loglo T + 32.8813 (42) 

The maximum deviation in AF/T is 0.030, but AH291 is 160 cal. in error. 
This difference is probably due only in a small degree to the extra term 
in the former equation; (41) was fitted by least squares to AF/T at  ten 
points and to A H  at  291°, while the five constants of (42) were determined 
from only five values of AF/T; it is this difference in procedure which is 
responsible for a large part of the superiority of (41). 

Acetylene is undoubtedly a linear molecule; its moment of inertia is 
known very accurately as 23.509 g. cm2.21 A molecule of this type has 
three valence vibrations and two double bending vibrations. The original 
assignment of these vibrations, made by M e ~ k e , ~ ~  has been justly criticized 
by Olson and K r a m e r ~ . ~ ~  These authors pointed out that a simple treat- 

(21) Levin and Meyer, J .  Opt. Soc. Am., 16, 137 (1928). 
(22) Mecke, Z Physik, 64, 173 (1930). 
(23) Olson and Kramers, THIS JOURNAL, 54, 136 (1932). 
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ment gave for the ratio of the antisymmetric to the symmetric bending 
frequency the value 6,/6, = 0.816, while Mecke's assignment, 6, = 730 
cm.-l, 6, = 1326 cm.-I gave 6,/6, = 1.88; there was the further criticism 
that 730 crn.-l was observed in absorption, and hence should not be syrn- 
metric. Apparently, independently of this criticism, MeckeZ4 has now 
revised his assignment. He puts 6, = 729 cm.-I and 6, = 600 cm.-I. 
The former of these is observed in the infra-red, but the latter is not directly 
observed anywhere; i t  occurs in four combination frequencies, one of 
which is a difference combination, and one a triple combi~ation. The ratio 
6,/6, is still somewhat out of line with Olson and Kramers' treatment, though 
less than before, and Mecke believes that the difference can be accounted 
for by more complete treatment of the coupling terms, such as he has given. 
It must be admitted, however, that this part of the assignment is not free 
from doubt. The valence vibrations are very probably given correctly; 
two of them, 1975 cm.-l and 3370 cm.-', are observed in the Raman spec- 
trum; the third, 3277 cm.-l, is observed in the infra-red, and should, on 
theoretical grounds, be very close to one of the Raman frequencies, both 
being essentially C-H vibrations. Since there seems to be no way of re- 
arranging the observed frequencies more satisfactorily, we shall follow 
Mecke and take 1974 cm.-l, 3277 cm.-l, 3370 em.-l and double vibra- 
tions a t  600 cm.-l and 729 cm.-I. 

The uncertainty in the vibrational frequencies has at least the compensa- 
tion that one is spared the pain of contaminating precise spectroscopic data 
by the inaccurate heat of combustion of acetylene. On the authority of 
Rossini25 I have adopted 311,000 cal. in preference to 312,000 cal. given by 
the "International Critical Tables." It seems entirely possible that  this 
value may be in error by as much as 2000 cal. The heat content of 

(24) Mecke, 2. physik. Chem., 17B, 1 (1932). 
(25) Private communication. 
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acetylene gas a t  18' may be calculated to be 2331 cal.; with these figures 
and the thermal data given previously, A E ~  for the formation of acetylene 
is 54,275 cal. 
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Fig. 1.-The curves give the calculated equilibrium constants, 

per gram atom of carbon, for the formation from hydrogen and 
&graphite. For methane the upper curve is based on the Denni- 
son-Villars frequencies, the lower curve on those of Mecke. For 
ethylene, the upper curve is based on 950 cm.-1 for the torsional 
frequency, while the lower curve neglects this frequency. The 
curves for ethane are obtained by combining the two calculations 
for ethylene with the measured equilibrium constant for ethane 
disso~iation.~~ The sources of the experimental equilibrium con- 
stants for methane are: R f M, Randall and Mohammad; 
B f J, Bone and Jerdan; P + H, Pring and Hutton; P + F, 
Pring and Fairlie; C + W. Coward and Wilson.27 

(26) Pease and Durgan, THIS JOURNAL, 60, 2715 (1928). 
(27) Randall and Mohammad, Ind.  Eng. Chem., 81, 1048 (1929); Bone and Jerdan, J. 

71, 41 (1897); 79, 1042 (1901); Pring and Hutton. ibid., 89, 1591 (1906); Pring and Fairli 
91 (1912); Cowardand Wilson, ibid., 115,1380 (1919). 

Chem. Soc., 
.e, ibid., 101, 
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The results for acetylene are given in Table I1 and shown in part in 
Fig. 1. For comparison, determinations by PringZ8 are plotted also. 
The close agreement is somewhat accidental, since the experiments from 
which these constants were obtained gave values maeh too high for methane 
and ethylene. One must assume that these latter gases were formed from 
acetylene in the colder parts of the apparatus. 

The moments of inertia of ethylene are nat known, but can be estimated 
in various ways. By assuming a C-C distance of 1.18 X cm., C-H, 
1.08 X 10-"m., and a tetrahedral valence angle for carbon, the moments 
may be calculated as 28.73, 23.69 and 5.03 X g. giving a 
product of 3423 X 10-120. Badger and Binderzg interpreted their absorp- 
tion measurements in the near infra-red in accordance with preliminary 
theoretical results of Nielsen. They give provisional values for the 
moments of 31,27 and 3.8 X leading to a product of 3181 X 10-lZ0. 
Badger and Binder state, however, in a note added in proof, that the com- 
plete results of Nielsen30 alter this interpretation somewhat, and lead to 
slight changes in the moments. In the present calculations the value 3423 
X 10-120 will be used for the product of the three principal moments; this 
may well be in error by 25%. The resultant error in F/T  would be 0.22 
cal./deg.; the error in K would be only 12%. Our final values for ethylene 
will undoubtedly contain other errors of greater magnitude than this. 

Ethylene has five valence vibrations, six bending vibrations and a 
torsional vibration about the double bond. Mecke31 has assigned fre- 
quencies to all of these except the torsion. For ease in calculation we shall 
lump his eleven frequencies into five groups: a triple vibration a t  950 cm.-I, 
single at  1100 cm.-l, double at  1400 cm.-l, single a t  1620 cm.-l and 
quadruple at  3090 cm.-I. The resistance of the double bond to torsion is 
probably not great, but since the moment of the molecule about the C-C 
axis is small, the torsional frequency is presumably of moderate value. 

Without torsional frequenc With torsional frequency, 950 cm.-1 
F0- ,F$  g -- F o  - E: AF -- - 

T T T log10 K T T log10 k' 

(28) Pring, J. Chem. Soc., 101, 498 (1910). 
(29) Badger and Binder, Phys. Rev., 38, 1442 (1931). 
(30) Nielsen, Phys. Rev., 38, 1432 (1931). 
(31) Mecke, 2. physik. Chem., lTB, X (1932). 
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We shall make computations both neglecting this frequency, and assigning 
i t  the value 950 cm.-l. The true contribution is probably within these 
limits, though they may very well be too narrow to compensate for errors in 
the other frequencies. 

We shall take the heat of combustion of ethylene a t  18' to be 334,000 
cal.; the heat content of the gas we calculate as 2414 cal. On this basis, 
the heat of formation of ethylene gas a t  the absolute zero is - 10,800 cal. 

The calculated values are given in Table I11 and shown in part in 
Fig. 1. There are no experimental data with which comparison is possible. 

Some support for the frequencies assigned to ethylene, and hence to the 
foregoing calculations, is provided by recent specific heat measurements for 
ethylene gas from 0 to 70°.32 The experimental results are represented by 

C, = 4.064 + 0.02022 T 

Table IV shows how the vibrational part of the specific heat compares 
with that calculated. 

VIBRATIONAL SPECIFIC HEAT OF ETHYLENE 

Temp., Calcd. with Calcd. without 
OK. torsion torsion Exptl. 

300 2.349 1.901 2.182 
350 3.567 2.925 3.193 

It seems likely that with the rise of these spectroscopic methods, there 
will be a diminution of the importance of entropy in routine equilibrium 
calculations. We shall, however, give entropy values for these hydro- 
carbons. Our calculation of the absolute translational plus rotational 
entropy of methane at  25O gives 49.867 entropy units, in excellent agree- 
ment with 49.86 given by Giauque, Blue and Ove r~ t r ee t .~~  Upon adding 
the vibrational contribution, the total absolute entropy becomes either 
49.974 or 49.955 entropy units for the Dennison-Villars and the Mecke 
frequencies, respectively. The agreement with the low-temperature 
specific heat value of 49.8 is good. For acetylene, the absolute transla- 
tional plus rotational entropy is 49.359 a t  25"; the vibrational contribu- 
tion is 1.474, making a total of 50.833. For ethylene, the absolute transla- 
tional plus rotational entropy is 56.903; the vibrational entropy is 0.452 
or 0.569, the torsional frequency being omitted or taken as 950 cm.-l; 
this gives a total of 57.355 or 57.472. For both acetylene and ethylene, 
the calculated values are probably in error by several tenths of an entropy 
unit. 

It is planned to extend these calculations to other organic substances of 
scientific and technical interest. There appears to be some possibility 
of making orienting calculations even for the higher hydrocarbons. 

(32) Haas and Stegeman, J. Phys. Chem., 36, 2127 (1932). 
(33) Giauque, Blue and Overstreet, Phys. Rev., 38, 196 (1931). 
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Summary 

1. Methods have been given for the convenient calculation of free 
energies and entropies from spectroscopic data for polyatomic molecules. 

2 .  Calculations have been made for methane, acetylene and ethylene. 
3. The problem of representing the results of spectroscopic calculations 

by simple equations has been considered. I t  is shown that this can only 
be done satisfactorily by including in A F / T  terms in 1/T2 and 1/T3.  

PITTSBURGH, PENNSYLVANIA RECEIVED SEPTEMBER 15, 1932 
PUBLISHED APRIT. 6, 1933 

The Reactions of Atomic Hydrogen with Several Alkyl 
Halides 

The chemical behavior a t  ordinary temperatures of atomic hydrogen 
has been the subject of numerous investigations2 during the past decade. 
The present investigation deals with the reactions of atomic hydrogen, 
produced by the Wood discharge tube, upon simple alkyl halide vapors: 
methyl fluoride, chloride, bromide and iodide, and ethyl chloride and 
bromide. The reactions with methane and ethane were also investigated. 
Boehm and Bonhoeffer2 found that methyl chloride was attacked, but did 
not investigate the products. Of particular interest in connection with our 
results are the experiments of Hartel and Polanyi3 on the reaction of sodium 
vapor with the alkyl halides. 

Our experiments have shown that the reactions concerned are compli- 
cated, that in the series methyl fluoride, chloride, bromide and iodide, 
the amount decomposed under the experimental conditions varies from 0 
to 100%. Both methyl and ethyl halides form methane, ethane and a 
small amount of ethylene. The chlorides produce only hydrogen chloride, 
while the bromides and iodides yield both hydrogen halide and free halogen. 

Experimental Manipulation 

Purification of Materials 
Methyl Fluoride.-The methyl fluoride was prepared by the method of Moissan4 

(1) Research Fellow of the Shiomi Institute of Physical and Chemical Research. Osaka, Japan. 
(2) For a review of the early literature see Bonhoeffer, Ergebnisse Exakten Naturwissenschaflen, 

6, 201 (1927), and Taylor, THIS JOURNAL, 48, 2840 (1926). For reactions with hydrogen produced by 
the Wood discharge tube, Bonhoeffer and Boehm, Z. physik. Chem., 119, 385 (1926); Bonhoeffer and 
Harteck, ibid., 139, 64 (1928); Wartenberg and Schultze, rbid., B2, 1 (1929); Urey and Lavin, THIS 
JOURNAL, 51, 3286,3290 (1929); Geib and Harteck, Z. physik. Chem., Bodenstein Festband, 849 (1931), 
Dixon, THIS JOURNAL, 54, 4262 (1932). See also Smallwood, ibid., 61, 1985 (1929); Bichowsky and 
Copeland, ibid., 50, 1315 (1928); Harteck, Z. Bhysik. Chem., 139,98 (1928). 

(3) HarteI and Polanyi, Z. Bhysik. Chem., 311, 97 (1931). 
(4) Moissan, Jahresber. Chem., 41, 931 (1888). 



from methyl iodide and silver fluoride5 in an evacuated all-glass apparatus, the methyl 
fluoride being condensed with liquid air and subsequently fractionally distilled. 

Methyl Chloride, Bromide and Iodide. Ethyl Chloride and Bromide.-These 
alkyi halides were obtained from a reliable commercial source and pursed (in vacuum). 
by passing the vapor over fresh calcium oxide, followed by very careful fractional distilla- 
tion. Blank experiments proved the absence of free halogen or halogen acid. 

Methane.-Methane, obtained in a cylinder from a commercial source, was con- 
densed with liquid air, and twice fractionally distilled, the final middle fraction being 
used in the experiments. 

Ethane.-Ethane was prepared by the action of a copper-zinc pair on ethyl iodide, 
the gas being washed with water, fuming sulfuric acid. concentrated potassium hydrox- 
ide, and finally condensed with liquid air. I t  was then fractionally distilled three times, 
any methane being removed by pumping. 

Apparatus 
The atomic hydrogen was produced in a discharge tube similar in design to that 5sed 

by Geib and Har te~k .~  Figure 1 shows the assembly of the apparatus. 

Fig. 1.-Diagram O F  apparatus. 

The pumping system consisted of a large all-metallic three-stage mercury vapor 
Gaede pump electrically heated, with a rotary oil pump producing the forevacuum. A 
linear velocity of hydrogen of 7 meters per second was obtained when the hydrogen was 
admitted at  the rate of 50 cc. (atmospheric conditions) per minute. The pressure of 
hydrogen in the apparatus was about 0.3 mm. 

Electrolytic hydrogen from a cylinder, purified by heated platinized asbestos, was 
saturated with water vapor in the trap (D) or dried when desired by placing liquid air 

(5) Gmelin-Kraut, "Handbuch der anorganischen Chemie," Band V, Abt. 2,87 (1914). 
(6) Geib and Harteck, Z. Physik Chem., Bodenstein Festband, 849 (1931).  
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about the second trap (E). The rate of flow measured by the buret (C) was controlled 
by a very fine metallic needle valve (F). 

The alkyl halide, stored as a liquid in a bulb sealed to the apparatus a t  (G), was in- 
troduced in various amounts by surrounding (G) with baths of different temperatures, 
the resulting vapor pressures being read on the manometer (H). The vapor then 
passed through the fine capillary (I). Blank experiments established the velocity of 
halide (moles per minute) for different vapor pressures. 

In all of the experiments reported the alkyl halide entered the hydrogen from the 
discharge tube through the lower side tube (30 cm. above the discharge). That no 
diffusion of vapor into the discharge took place was predicted from a calculation of this 
hack-diffusion, and proved experimentally by no spectroscopic change in the discharge. 
A transformer delivering approximately 3000 volts and producing a current of 300 m.a. 
was used to excite the discharge. Two copper-constantan thermocouples inclosed in 
small glass tubes were mounted within the reaction zone as shown in Fig. 1. This 
section of the vertical tube was surrounded by a mantle and cooled by a blast of air. 

The products of the reactions passed through the large trap (A) immersed in liquid 
air. The second large trap (K), also cooled by liquid air, prevented the diffusion of 
mercury vapor from the pump. Materials caught in the first trap could be fraction- 
ally distilled, either into one of the small tubes (L) for subsequent weighing and an- 
alysis or into the tube (M) for vapor pressure measurements with the manometer 
(N), or could be removed directly for analysis. 

Method of Analyzing the Hydrocarbons 
Because of the relatively small partial pressures of methane, ethane axd ethylene, 

and possibly acetylene, in the gas mixture, all of these gases passed through the traps 
(A) and (K). They were caught by activated coconut charcoal, cooled with liquid air, 
before the gas passed to the oil pump. 

The gases leaving the mercury-vapor pump passed through a trap (0), cooled to 
-80" and then through the tube of charcoal (P). The oil pump, protected by its liquid- 
air trap (Q), could be used independently of the charcoal by a suitable manipulation of 
the stopcocks, as is evident from Fig. 1. This use of charcoal proved very effective in 
holding the hydrocarbons and in decreasing the amount of hydrogen in the gas mixture. 
After an experiment the contents of the charcoal tube were pumped into the copper oxide 
tube (R) by means of the leveling bulb (filled with mercury) connected to the first 
buret (S). Here the remaining hydrogen was burned at  240" by circulating the gas 
over the copper oxide by means of the leveling bulbs and burets (V) and (S). The smaIl 
traps (U), cooled with liquid air, were attached to both ends of the copper oxide tube to 
condense ethane, ethylene, acetylene, most of the methane and water. 

The methane, contaminated with a small amount of inert gas which was probably 
oxygen from the decomposition of water in the discharge tube, was pumped out of the 
apparatus, by means of buret (S) and its leveling bulb, into a buret connected a t  (W). 
This gas was analyzed by combustion with oxygen and usually showed 95% methane. 

The higher hydrocarbons, carbon dioxide and water, were distilled from the traps 
(U) into one of the small tubes (X), cooled with liquid air, sealed off and analyzed. 
The gas in the tube (X) was collected over mercury in a 25-cc. buret by breaking its 
capillary end in an evacuated rubber tube connected to the buret. During this opera- 
tion the tube was cooled to -20 ', so that the water remained as ice. The volume of gas 
remaining in the tube was later measured and a correction applied. The gas in the buret 
was analyzed for carbon dioxide by absorption with potassium hydroxide, for acetylene 
with alkaline mercuric ~yan ide ,~  for ethylene with half-saturated bromine water followed 
by potassium hydroxide, and for ethane by combustion with oxygen. The total quan- 

(7) Treadwell, Helv. Chim. A cla, 2, 60 (1919). 



t i ty of hydrocarbon found agreed very well with that  calculated from the extent of the 
reaction as  determined by the amount of inorganic substances produced. 

Method of Analysis for Halogen and Halogen Hydride 
The extent of the reaction (percentage decomposed) could be determined by two 

methods: fist ,  the relation of unreacted halide t o  the amount entering the apparatus, 
and, second, the amount of free halogen and halogen hydride formed. It was found 
tha t  both methods gave the same reproducible results. 

Fluoride.-No measurable reaction took place with methyl fluoride. 
Chlorides.-No free halogen was found. Because of its relatively high vapor pres- 

sure, hydrogen chloride could not be caught quantitatively in Trap A, either by a frozen 
layer of water, of amnionia hydroxide, or potassium hydroxide solution, or by solid 
potassium hydroxide. Consequently the percentage of methyl and ethyl chlorides de- 
composed was obtained by distilling a t  -50' the unreacted halide from Trap A into a 
small tube (L, Fig. I), sealing and weighing. Vapor pressure measurements showed the 
material to  be pure halide 

Bromides.-Bromine and hydrogen bromide were products of the reaction of the 
alkyl bromides with atomic hydrogen, and were caught in Trap A. The unreacted alkyl 
halide was distilled from Trap A (ethyl bromide a t  -40". methyl bromide a t  -60°, 
for four t o  five hours), into a small tube (L). This was weighed and analyzed for the 
trace of hydrogen bromide and bromine which it  contained. The residue in Trap A 
was also analyzed for bromine by titrating with 0.01 N sodium thiosulfate and for total 
bromide with 0.01 N silver nitrate after heating with dilute ammonium h y d r o ~ i d e . ~  
Knowing the velocity of the entering alkyl halide, the percentage which reacted could be 
calculated from the unreacted alkyl halide and from the inorganic products formed. 

Iodide.-The reaction of ethyl iodide with atomic hydrogen was not studied because 
of the relative ease of thermal decomposition. With methyl iodide, both hydrogen io- 
dide and free iodine were obtained. No unreacted methyl iodide could be found, show- 
ing complete reaction of the alkyl halide. 

The content of Trap A was analyzed by repeatedly extracting with small amounts of 
chloroform, titrating the water layer with 0.01 N sodium hydroxide and the chloroform 
layer with 0.01 N sodium thiosulfate in the presence of potassium iodide and starch." 

The Concentration of Atomic Hydrogen 
The concentration of atomic hydrogen, present in the reaction zone under conditions 

similar to  those before the alkyl halide was admitted, was measured by the method of 
Wrede and of Hartecklo with the modification of substituting for the fine capillary a 
sintered glass plug, similar to  that used by  Dr. W. G. Leighton.ll The results are given 
in Table I. 

TABLE I 
CONCENTRATION OF ATOMIC HYDROGEN 

Per cent. H a t  different currents (m. a,) and velocities of Hz (cc./min.) 
Current 100 100 200 200 300 

Velocity 

(8) Treadwell and Hall, "Analytical Chemistry," John Wiley and Sons, New York, fonrth ed., 
Vol. 11, p. 324. 

(9) Beckmann, Ann., 367, 289 (1909). 
(10) Harteck, Z. physik. Chem., 139, 98 (1928); Wrede, Z. Inslrumentenk., 48, 201 (1928); Geib 

and Harteck, Z. physik. Chem., Bodenstein Feslband, 849 (1931). 
(11) Leighton, unpublished investigation. This method is being confirmed in this 1,aboratory by 

Dr. 11. Cordes. We are indebted to Dr. Cordes for calibrating the Wrede gage and for suggestions con- 
cerning the mechanism of the reactions. 
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Experimental Results 
Light and Heat Produced by the Reactions.-The production of a yel- 

lowish-green light by the reaction of atomic hydrogen with organic com- 
pounds has been reported by many investigators.12 We have observed 
this same light in the reactions with the alkyl bromides, stronger in the 
case of the methyl compound than with the ethyl. 

The reactions produced a considerable quantity of heat, the position of 
maximum heating being very dependent upon the velocity of the alkyl 
halide entering the stream of hydrogen. In all cases the highest tempera- 
tures were obtained in the experiments with the greatest amount of alkyl 
halide. These temperatures were: for methyl chloride 105" (RX/H = 

0.122), ethyl chloride 125" (RX/H = 0.135), methyl bromide 135 (RX/H 
= 0.058), ethyl bromide 140" (RX/H = 0.113), methyl iodide 125" 
(RX/H = 0.043). It is highly improbable that these results represent 
accurately the maximum temperature existing in the reaction zone. From 
the measurements of temperature with the two thermocouples, it could be 
concluded that the length of the reaction zone in the tube was greater for 
methyl chloride than for methyl bromide, which in turn was greater than 
for methyl iodide. In  the case of the methyl chloride not all of the atomic 
hydrogen was used up by the reactions. 

Since methyl iodide was the most easily decomposed by heat of any of 
our materials, we made blank experiments with a heating jacket about the 
reaction zone, and using only molecular hydrogen. No halide decomposed 
a t  295". We therefore concluded that it was improbable that  thermal 
reactions taking place on the walls played a part in determining the prod- 
ucts of the reactions. 

Hydrocarbon Products.-The results of the examination of the hydro- 
carbon products of the reactions are given in Table 11. 

HYDROCARBON PRODUCTS 

Velocity of hydrogen 50 cc./min. Current through discharge 300 m.a. 
Vel. 
RX 

mole, CH4 equiv., 
Time, XlOs/ Volume (cc.) of gas found CC. 

% RX 
found as 

Expt. mln. min. R X / H  CH4 C08 CzHa CzHa C ~ H I  CzHx Found Calcd. CH4 CIHx CO1 
CHaCl A 60 140 0.086 9.0 

B 140 74 ,046 13.5 
CHzBr A 80 87 .054 33.8 
CHII A 40 70 .043 32.6 

B 30 64 .040 21.8 
C 30 65 .040 
D 60 29 ,018 25.1 
E 60 29 .018 25.8 

CaH6CI A 60 148 ,091 47.0 
B 60 148 ,091 44.5 

CtHaBr A 80 113 ,070 55.0 
B 40 114 .070 

(12) See, for example, Bonhoeffer an 

9 .O 50.5 19 18 
20.5 50.3 34 25 
14.4 0.5 3.0 7.0 10.5 69 63 
6.8 0.3 1.2 6.6 8.1 56 67 
9.5 6.9 45 46 
4.8 0.2 0.7 6.5 7.4 47 
14.2 5.8 51 42 
4.2 5.0 40 42 
15.2 0.5 1.5 4.6 6.6 75 81 
19.9 0.7 2.1 4.3 7.1 79. 81 
16.9 1.2 9.2 21.0 31.4 138 134 
3.2 0.9 5.3 9.9 16.1 74 

d Harteck, Z. physik. Chem., 139,64 (1928). 



The table is self-explanatory. All ratios of concentrations are molal. 
The theoretical yield (cc. CH4 or its equivalent) was calculated from the 
percentage decomposition determined from the inorganic products (next 
section), with the exception of the bromides, where the bromine and hy- 
drogen bromide formed were titrated directly. In experiments CH31 C 
and CzHsBr B, the copper oxide was not used. 

When the difficulties of the analyses are considered, for instance in 
experiment CHsC1 B the products from 25 cc. of reacted alkyl halide had 
to  be found in 7000 cc. of hydrogen, the results are satisfactory. 

An examination of the table shows that both methyl and ethyl halides 
produced methane, ethane, and perhaps a trace of ethylene. The com- 
position of the hydrocarbon product was not very dependent upon the 
relative concentration of atomic hydrogen. At the same relative con- 
centration of alkyl halide to atomic hydrogen, the different methyl halides 
produced the same quantity of methane. Methyl chloride produced 
practically no ethane, while the bromide and iodide gave the same amount. 
With an increase of atomic hydrogen concentration, the concentration of 
methane increased. Ethyl bromide produced less methane and more 
ethane than did ethyl chloride. 

If any hydrocarbons of greater molecular weight than ethane, or any 
quantity of acetylene, were produced, they would have been caught in 
Trap A. No evidence, either from distillation and subsequent vapor 
pressure measurements or from analysis, could be obtained for such prod- 
ucts. 

The continual formation of such a relatively large quantity of carbon 
dioxide was rather surprising. Blank experiments proved that only small 
quantities could have resulted from oxidation of hydrocarbon by the copper 
oxide or from oxidation in the tube of absorbent charcoal. We conse- 
quently concluded that a t  least the major portion of carbon dioxide arose 
from a reaction above the discharge tube between either 0 or OH, formed 
by the presence of water vapor and alkyl halide or hydrocarbon. These 
reactions must have produced carbon monoxide which was subsequently 
oxidized. This conclusion is supported by the fact that the amount of 
carbon dioxide found is very dependent upon the duration of the experi- 
ment, about 0.16 cc. being formed each minute for methyl compounds, 
and 0.26 cc./min. for ethyl compounds. Harteck and Kopsch13 have 
shown that atomic oxygen produced in a discharge tube from oxygen gas 
reacts very slightly (0-2%) with methane, but to a greater extent (2-5%) 
with ethane and alkyl halides. In  our experiments, the greater velocity of 
oxidation of ethane (than methane) would have resulted in a relatively 
larger change in the ethane concentration, because the ethane was present 
in smaller quantities. Consequently the methane concentration found 

(13) Harteck and Kopsch, Z. 9hyszk. Chem., Bl2, 327 (1931). 
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more nearly represents that produced by the reaction of atomic hydrogen 
on the alkyl halide. 

In order better to understand the mechanism of these reactions, experi- 
ments on the reaction of atomic hydrogen with methane and ethane were 
also performed. With methane no reaction could be obtained, confirming 
the observations of previous investigators. Two experiments with ethane 
were made. In  the first (25 cc. of ethane was used), 5y0 of the ethane 
was found as methane, 1.4% as carbon dioxide and 1.6% as ethylene; 
in the second (150 cc. ethane), 3y0 of the ethane as me+&ane, 3y0 as carbon 
dioxide and 1.7% as ethylene. No acetylene or higher hydrocarbons 
were obtained. The heat generated by the reaction (or catalysis of re- 
combination of atomic hydrogen) was large.14 We concluded that  the 
greater portion of the methane produced from the alkyl halides under our 
conditions was not formed by intermediate ethane. 

Inorganic Products and Extent of the Reaction of the Alkyl Halides 
with Atomic Hydrogen.-When methyl fluoride was introduced into the 
stream of atomic hydrogen, no heating effect could be observed and no 
etching of the glass by hydrogen fluoride formed by the reaction could be 
seen. Consequently we concluded that there was no reaction. 

The results for the chlorides, bromides and iodide are given in Tables 
111, IV and V. The percentages of alkyl halide decomposed a t  different 

TABLE I11 
METHYL AND ETHYL CHLORIDE 

Velocity of hydrogen 50 cc./min. Current through discharge 300 m. a. 
Time. Moles RX X 108 % RX 

No. mrn. Put in Unreacted Reacted RX/H Reacted 

Methyl Chloride 
1 40 2700 2440 260 0.042 9 . 6  
2 20 3940 3625 315 .I22 8 . 0  
3 40 1044 954 90 .016 8 . 6  
4 40 1444 1297 147 ,022 10.2 
5 60 1566 1414 152 ,016 9 . 7  

Ethyl Chloride 
I 40 2230 1410 820 0.034 37 
2 40 1188 724 464 .018 39 
3 20 4392 3760 632 .135 14 
4 20 1439 970 469 .044 33 
5 60 1581 986 595 .016 38 
6 40 1424 884 540 .022 38 
7 40 1074 687 387 .016 36 
8 40 1205 792 413 .019 34 

(14) Wartenberg and Sehultze, Ref. 2, concluded that ethane largely catalyzed the recombination 
of atomic hydrogen while Bonhoeffer and Harteck, Ref. 2, found that about 25% of the ethane reacted 
Under their experimental cotiditions 480 cc. of gas was condensed in the liquid-air trap, from 640 cc. of 
ethane introduced. They concluded that the loss (25%) was probably methane and ethylene. The 
difference between their results and ours may have been caused by a loss of ethane passing through their 
liquid-air trap or by a difference in relative concentrations. 



TABLE IV 
METHYL AND ETHYL BROMIDES 

Current through the discharge 300 m.a. for methyl bromide, 250 m.a. for ethyl bromide 
Vel. Moles RX X 10s G. equiv. 

Time, Ha, Unre- Re- X 108 - HBr/ % RX reacted 
No. min. cc./min. Put in acted acted Br HBr Br RX/H R X  Br + HBr 

Methyl Bromide 

Ethyl Bromide 
1 40 39 1320 690 630 39 648 17 0.039~ 48 52 
2 20 60 2202 1376 826 75 752 10 ,043 37 38 
3 40 51 1290 28 778 28 ,020 63 
4 30 50 5350 4400 950 62 936 15 .I13 18 19 
5 30 50 1635 872 763 45 690 15 .035 47 45 
6a 40 50 920 250 670 24 616 26 .014 73 70 

" Current through discharge 300 m.a. Calculated from a value for the % atomic 
hydrogen obtained by extrapolating the data in Table I .  

METHYL IODIDE 

Velocity of hydrogen 50 cc./rnin. Current through &?.charge 300 m.a. 
Moles 

RX X 106 G. equiv. X 106 
No. Time put in I HI HI/I RX/H reacted 

% RX 

values of the ratio RX/H are plotted in Fig. 2. It should be noted that the 
curve for ethyl bromide was determined not only by varying the amount 
of alkyl halide introduced, but also by varying the concentration of atomic 
hydrogen. 

An examination of the data for the methyl halides shows that the per- 
centage of halide reacted varied from 0 to 100 (from fluoride to iodide). 
The extent of the reaction of ethyl bromide was about the same as that of 
methyl bromide, but the behavior of ethyl chloride was quite different 
from that of the methyl compound. The methyl chloride was little 
affected by a change in the relative concentration of atomic hydrogen. 
The gradual sequence in the order of the methyl halides suggests a change 
in the heats of activation from a low value for the iodide to such a large 
value for the fluoride that no perceptible reaction took place. 

Figure 3 shows the variation of the relative amounts of hydrogen halide 
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(HX) and free halogen (X) produced by different concentrations of atomic 
hydrogen. As the concentration of atomic hydrogen increased, the relative 
amount of hydrogen bromide 
and iodide increased. Ethyl 
bromide produced more hydro- loo 
gen bromide than did methyl 
bromide, for a given ratio of 2 
RX/H. And, finally, the 80 

products of the reaction of 8 
methyl iodide were richest in 'O 

free halogen. 
From the experiments of 

Boehm and Bonhoeffer on the 2 50 

action of atomic hydrogen on 2 
bromine, we can conclude that 40 

the quant i ty  of bromine 2 
changed to hydrogen bromide 
decreased with an increase in p, 20 
the value of Br2/H. The shape 
of the curve, when HBr/Brz is 
plotted against Br2/H, is the 
same as when HX/X is plotted 0.04 0.08 0.12 
against CH,X/H. This de- RX/H 
p e n d e n c e of HX/X upon Fig. 2.-The percentage of alkyl halide decom- 

CH,X,H is believed to be the posed by atomic hydrogen. The molar percent- 
ages of alkyl halide are plotted as ordinates, the 

of the action of atomic values of the ratio RX/H as abscissas. The data 
upon the for methyl chloride are represented by 6, for ethyl 

halide and halogen formed chloride by ?, for methyl bromide by 0-, and for 
during the decompositio~l of ethyl bromide by -0. Methyl iodide was com- 

CH~X and producing a 
pletely decomposed at all values of RX/H investi- 
gated Methyl fluoride did not react. 

tion of equilibrium. As a 
consequence, Fig. 3 cannot be used in deciding whether free halogen or 
hydrogen halide is the product of the primary reaction. 

Discussion of Results 
Because of the relatively small probability of three-body collisions, and 

because of the experimental fact that our reactions took place in a very 
limited space, we believe that the primary reactions which occurred were 
due to two-body collisions. 

There are three possible primary reactions to explain the results for 
methyl halides. 

(I) CH3X + H = CHa + HX 
(11) CHsX + H = CH4 + X 
(111) CHaX + H = CHsX f Hz 
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The heats of reaction15 (kilogram calories per gram mole) for these three 
changes and for the different methyl halides are given in Table VI. 

A reaction similar to I has 
been used by Har te l  and 
Polanyi3 to explain the reaction 

25 of sodium vapor upon the methyl 
halides. They have concluded 
from their experimental results 

20 as well as from theoretical con- 
siderations that the heats of 

x' activation (kg. cal.) increase 
2 15 from methyl iodide to methyl 
m fluoride (CH3I = 0, CH3Br = 

3.2, CH3Cl = 8.8, CHSF = 25). 
10 From the similarity of the re- 

actions we can suppose that re- 

5 
action I is the primary reaction 
and, furthermore, because of the 
comparable values of the H-X 
and Na-X bonds (H-C1 = 101 

.01 .02 .03 .04 .05 kg. cal., Na-CI = 96, H-Br = 85, 
RX/H. Na-Br = 89, H-I = 67, Na-I = 

Fig. 3.-The relative concentrations of hydro- 721, it is Safe to conclude that 
gen halide to  free halogen found in the reaction 
products. The values of the ratio of the gram the heats of activation for our 
equivalents of hydrogen halide (HX) to free reactions are of the same order 
halogen (X) are plotted as ordinates, while the of magnitude as those for the 
values of RX/H are plotted as abscissas. The reactions with sodium vapor. 
data  for methyl iodide are represented by 0, ~h~~ reaction 11 is only 
those for methyl bromide by 0-, and those for 
ethyl bromide by -0. The alkyl chlorides pro- primary reaction is very improb- 
duced only hydrogen chloride. able. First, this reaction cannot 

come into the consideration of 
the chlorine compound because we know from photochemical data16 that 
methane reacts with chlorine atoms, formed from molecular chlorine by 

(15) The heats of reaction were calculated from the following data: l/%(H4) + 1/2(X2) = (HX) f 
a, X + X = (Xp) + b, heats of combustion of CHsX = c. 

X = H F C1 Br I 

a 64 2" 21.9" 12 3C 1.4a*d 
b 101 9" 64 6" 56 9" 45 2" 35 4" 
c 212 8e 164. 86 184 76 201 ae 

" Landolt-Bbrnstein, "Physikalisch-chemische Tabellen," Second Supplement, 1931, pp 1498, 
1615. Wartenberg and Hanisch, Z. Dhysik. Chem..  A161, 463 (1932). Gmelin, "Handbuch der 
anorg. Chem ," 7, 191 (1931) [I] = (I) - 7 5 kg cal., Gmelin, i b i d  , 8, 81 (1931). Landolt- 
Bornstein, Val. 11, 1923, or Second Supplement, 1931. The data for CHsF were calculated from the 
above, together with CH3F + 1x2 = CH4 -k HF f 20 0; Grimm, "Handbuch der Physik," 24, 536 
(1927). Thevaluesfor the binding forces (kg. cal.) are C-H = 92, C-F = 118, C-C1 = 71, C-Br 1 58, 
C-I = 44. See Hartel and Polanyi, Ref 3. 

(16) Coehn and Cordes. Z. physik. Chem., B9, 1 (1930). 
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TABLE VI 
HEATS OF REACTION 

Alkyl Heat of reaction (cal.) for reaction number 
haltde I I1 111 

CHaF 30 -26 10 
CHaCl 30 21 10 
CH3Br 28 34 10 
CHaI 27 48 10 

the action of suitable light; to form methyl chloride and hydrogen chloride. 
Second, the formation of ethane is not possible since methane is not reacted 
upon by atomic hydrogen. Further, i t  is certain that methane cannot react 
with any of the possible intermediate products of our reactions with the 
exception of atomic chlorine. 

That reaction I11 is the primary reaction is also improbable. It is 
evident from our experimental results that the reaction of methyl fluoride 
involves a large heat of activation, and that as we proceed through the 
series to the iodide, the heat of activation must decrease. If 111 was the 
primary reaction, similar rather than very different heats of activation 
would be expected, because the primary process, according to this mecha- 
nism, is the same for all the methyl halides, namely, the removal of a 
hydrogen atom from the methyl group by a free hydrogen atom. From a 
study of band spectral7 i t  has been concluded that the distances between 
the carbon and hydrogen atoms in the different methyl halides are prac- 
tically the same. Consequently we can believe that the strength of the 
C-H bond is not very greatly affected by the change of halogen. Very 
different heats of activation for the different methyl halides are quite 
improbable. 

The constant relationship between the amount of methane formed to  the 
amount of methyl halide reacted, in the case of all of the methyl halides, 
makes i t  improbable that two of the three or all three reactions take place 
concurrently and to a similar extent for the different halides. The results 
of our experiments can all be explained by assuming that only reaction I 
is the primary process. That the other reactions take place to a very 
small degree cannot be excluded because of possible experimental error. 

In  the reaction of methyl chloride a maximum amount of 10% of the 
material reacted. This amount was not appreciably increased by an 
increase of atomic hydrogen concentration. It is possible that a portion 
of this decomposition of halide was due to oxidation by either 0 or OH 
formed in the discharge tube. This oxidation process could not change 
the character of the curve, because it was taking place to the same degree 
in all of the experiments. 

To explain the experimental facts for all of the methyl halides, we must 
consider the following reactions 

(17) Mecke, Leipziger Vortrage, "Molekulstruktur." 1931. 



M represents a third body or the wall. From the photochemical investiga- 
tion16 of the chlorination of methane we know that reaction 3 is very 
improbable in the case of methyl chloride. Free methyl (CH3) formed by 1 
can react according to 4 and 5, and to a lesser degree according to 6 and 9. 
The reactions 4 and 6 produce a reformation of methyl halide. The fact 
that a maximum value of 10% of methyl chloride reacted, not increasing 
with an increase of atomic hydrogen concentration, must be explained by 
such a mechanism leading to the reformation of the alkyl halide. The 
small value for this decomposition is quite understandable when the rela- 
tively high heat of activation is considered. From previous experiments 
by Boehm and Bonhoeffer we know that the hydrogen halides act as cata- 
lysts for the recombination of atomic hydrogen according to the mechanism 
of reaction 2 and 8 followed by the reaction Xz + H = H X  + X. 

In the case of methyl bromide and iodide reaction 3 must be considered. 
It takes place with reaction 2 in the formation of free halogen. That we 
found free bromine and iodine, but no free chlorine, is also in accord with 
Boehm and Bonhoeffer's experiments with the hydrogen halides. The 
reformation of these methyl halides, taking place by reactions 4 and 6, 
both three-body collisions, must be slower than the formation of methane 
by the two-body collision-reaction 3. Furthermore, these reactions (4 and 
6) must increase more rapidly than linearly with the CHB concentration. 
Consequently the percentage of methyl bromide found decomposed de- 
creased when its concentration was increased. 

The relatively high concentration of methane is to be expected from the 
above mechanism. Because ethane was obtained in a considerable amount, 
one can assume perhaps that the life period of the CHB radical is sufficiently 
great so that the number of successful three-body collisions, according to re- 
action 9, is comparable to the number of collisions which produce methane. 

The constant quantity of methane produced by the bromide and iodide 
is understood since the two-body reaction 3 takes place more rapidly than 
reactions 4, 5, 6 and 9, all three-body reactions which remove CH3. In 
order to explain the same amount of methane from methyl chloride, one 
must make the further assumption that reaction 5 is much faster than 
reaction 6. This is plausible because the concentration of atomic hydrogen 
must have been much greater than that of chlorine. 
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Any suggested reaction mechanism for the decomposition of ethyl 
bromide and iodide is very complex and uncertain. If we accept the 
following values for the energies of binding (kg. cal.) namely, C-C18 = 71, 
C--H = 92, C-C1 = 71, C-Br = 58, we should conclude that  the C-Br 
bond is more easily attacked than the C-Cl bond and that the C-H bond 
is probably not attacked a t  all. The attack of hydrogen atoms on the 
C-C linkage would produce methane and should be about the same in the 
case of bromide as of chloride. Therefore the relative quantity of ethane 
to methane should be grater  for ethyl bromide than for ethyl chloride, 
which is in accordance with the experimental facts. 

We wish to thank Professor K. F. Bonhoeffer, Director of the Institute of 
Physical Chemistry of the University of Frankfort, for making available to us 
the facilities of the Institute, and for his kindly interest in this investigation. 

Summary 
The reactions of atomic hydrogen, produced by a Wood discharge tube, 

on methyl fluoride, chloride, bromide, iodide and ethyl chloride and 
bromide have been investigated. Incidental experiments were also made 
with methane and ethane. 

The organic and inorganic products of the reactions have been deter- 
mined quantitatively. This required the development of a method for 
analyzing hydrocarbons in a large excess of hydrogen. 

The extent of the decomposition of the alkyl halides caused by different 
relative concentrations of atomic hydrogen has also been investigated, as 
well as the variation in composition of the various products. 

The methyl halides varied in reactivity toward atomic hydrogen under 
the conditions of our experiments from no reaction in the case of the 
fluoride to 100% reaction in the case of the iodide. About the same 
amount of ethyl bromide was decomposed as methyl bromide, but the 
decomposition of ethyl chloride was three-fold as great as methyl chloride. 

The reaction of atomic hydrogen on the methyl halides produced meth- 
ane, ethane, and possibly a trace of ethylene. The ethyl halides formed 
the same products but in different concentration. 

The halogen of the alkyl halide appeared only as hydrogen halide in the 
case of the chlorides, but as free halogen and hydrogen halide in the experi- 
ments with the bromides and chlorides. The ratio of hydrogen halide to  
free halogen increased with an increase in atomic hydrogen concentration. 

A possible mechanism to explain these results has been proposed and 
the heats of reaction for each of the possible primary reactions have been 
calculated. 

The experimental results show that the heat of activation for the reaction 
of atomic hydrogen with the methyl halides must decrease rapidly from the 
fluoride to the iodide. 

(18) Grimm, Handbuch Phys., 24, 536 (1927). 
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All of the experimental results for the methyl halides can be explained by 
assuming that the primary reaction is CHZX + H = CH3 + HX. 

The reactions with the ethyl halides were too complicated to warrant 
the proposal of a definite mechanism. 

TUFTS COLLEGE, MASSACHUSETTS RECEIVED SEPTEMBER 19, 1932 
PUBLISHED APRIL 6, 1933 

Gaseous Thermal Diffusion-The Principal Cause of 
Discrepancies among Equilibrium Measurements on the 

Systems Fe,OpH,-Fe-H20, Fe,O,-Hz-FeO-H20 and 
FeO-Hz-Fe-H20 

When Sainte-Claire Devillel in 1870 first determined the ratio of water 
vapor to hydrogen in equilibrium with Fe-FeO, he pioneered the investiga- 
tion of a system that up to the present has yielded puzzling and widely 
varying results. Although the apparatus devised by him and illustrated 
in principle in Fig. 1B has been used by practically all of the later workers, 
the experimental equilibrium water vapor-hydrogen ratios for a given 
temperature cover a considerable range of values, some being as much as 
40y0 higher than others. Re~en t l y ,~  using a dynamic rather than a static 
type apparatus, we obtained experimental results for the equilibrium con- 
stants K1 and Kz of the reactions 

FeO + Hz = Fe + HzO KI = HzO/HZ (1) 
and 

FesOd + Hz = 3Fe0 + Hz0 K2 = HzOjH (2 )  

that were consistent among themselves and agreed with the values calcu- 
lated indirectly from the Fe-C-0 system3 and the equilibrium constant4 

for the reaction 
COz $ Ha = CO + Hz0 Ka = (HzO)(CO)/(COz)(Hz) (3) 

Although there seemed to be little doubt that the flow experiments were 
correct, no entirely satisfactory explanation could be given for the 40% dis- 
crepancy between them and some of the carefully performed static experi- 
ments. Inasmuch as the source of error causing this gross uncertainty 
might be affecting the equilibrium constants not only for the Fe-H-0 
system but also for other equally important heterogeneous systems, a care- 
ful study was undertaken of the static types of apparatus and procedure 
used in previous experimental studies of the Fe-H-0 system. 

(1) Sainte-Claire Deville, Compl rend., 70, 1106, 1201 (1870); 71, 30 (1871). 
(2) Emmett and Shultz, THIS JOURNAL, 52, 4268 (1930). 
(3) E.  D. Eastman, Bur. of Mines Circular 6125 (1929). 
(4) Equation 38 from paper of Bryant, Ind.  Eng. Chem , 23, 1019 (1931). 
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The results of a part of this study have been presented briefly in a recent 
comm~nication;~ they seem to show that our previously reported values 
for K1 and K2 obtained by the use of a flow system are essentially correct 
and that the above-mentioned 40% discrepancy is to be attributed princi- 
pally to an error caused by thermal diffusion in practically all previous static 
type experiments on eqttilibrium in the Fe-H-0 system. In the course of 
the work it was found possible so to modify the usual static Deville type 
apparatus as to be able to perform static equilibrium experiments that  con- 
sistently yielded correct values for K1 and Rz Accordingly, this ap- 
paratus was used in obtaining values of K4 for the reaction. 

3/4Fez0r + H2 = 3/4Fe + Hz0 K4 = H20/H2 

The primary purposes of the present paper are, therefore, to present the 
results of these static equilibrium experiments, to discuss in some detail 
the thermal diffusion measurements that have been made, and to show 
how the thermal diffusion factor operates in the usual static type apparatus. 

Fig. 1. 

Equilibrium Constants for the Fe-H-0 System 
The final form of the static apparatus used in the present experiments and shown in 

Figure 1A was a modified Deville type. I t  consisted essentially of a 2-cm. quartz tube, 
A, containing a sample of the metal-metal oxide in boat B packed into a well insulated 
furnace F, and connected by quartz to Pyrex seals to Pyrex tubing leading to a water 
bulb W, and a 14-mm. mercury manometer M contained in the thermostat T. The 
latter was equipped with a glass front and was constructed according to specifications 
previously described.@ PI and Pe were all-glass circulating pumps by which the water 
vapor-hydrogen mixture in the reacting system could be circulated in either a clock- 
wise or counter-clockwise direction7 over the boat B, The actual rate of gas circulation 
p- 

(5) Emmett and Shultz, Trns JOURNAL, 54, 3780 (1982). 
(6) Tremearne, I n d .  Eng Chem., Anal. E d  , 2, 426 (1930). 
(7) Porter, Lind and Bardwell, Ind. Eng. Chem., 18, 1086 (1926). 



effected by them in the present low pressure experiments was not accurately measured; 
a t  one atmosphere pressure, however, the pumps were capable of circulating 50 to 75 
cc. of gas per minute against a pressure head of 2-3 mm. of water. The apparatus 
could be evacuated through the manometer M by a high vacuum pump. The exit 
pressure on the manometer was measured regularly by an attached McLeod gage not 
shown in the drawing. By the use of a telescope the pressure differences between the 
two arms of the manometer M were read on a carefully calibrated brass scale placed im- 
mediately behind the manometer arms. Bulb H of about 500 cc. capacity permitted 
the volume of the gas mixture being circulated over the solid phases to be changed to 
suit the particular experiment being carried out. 

The first form of our static apparatus on which a majority of the experiments sum- 
marized below were carried out is not shown in the diagram but it differed from the final 
form in only a few minor details. Thus, the furnace was arranged vertically instead of 
horizontally, the oxide-metal charge being supported by a thin platinum gauze placed on 
the constriction between the 15-mm. quartz reaction tube and the 3-mm. quartz tubing 
projecting out of the lower end of the furnace. Furthermore, in the original apparatus 
the water bulb but not the mercury manometer was thermostated. 

In  the first apparatus we determined the temperature of the charge by two cali- 
brated Pt-Rh thermocouples in conjunction with a type K Leeds and Northrup poten- 
tiometer. One of these was placed in a thin quartz shield in the center of the charge, 
the other directly opposite it but on the outside of the quartz reaction vessel. Since 
these experiments demonstrated the absence of an appreciable cross temperature gra- 
dient in the furnace, the inner thermocouple was omitted in the final set-up shown in 
Fig. 1A. Care was taken in this latter apparatus, however, to place the boat B di- 
rectly opposite the thermocouple used. 

Each tank of hydrogen used was analyzed for nitrogen. The amounts of gas con- 
sumed in an experiment were so regulated that the 0.1 to 0.2% nitrogen present in some 
of the tanks of hydrogen caused no measurable error in the final readings. 

The oxide samples used were as follows. 
Sample A was Fe20a No. 6, described in a previous paper.8 It contained 0.12% 

of sodium hydroxide as impurity. I t  was reduced in situ to FeaO4. 
Sample B was a doubly promoted fused FelOd used in preparing Fe synthetic am- 

monia  catalyst^.^ I t  contained 0.35% Al,Oa and 0.08% ' 0 2 0 .  

Sample C was Fez08 No. 4, previously describeds and contained 1.55% A1208 I t  
was reduced irt situ to Fea04. 

Sample D was a pure FezOa sample reduced to FeaOl at  400' by a 0.2: 1 water vapor- 
hydrogen mixture. 

Samples E and F were pure FeaOa samples reduced to FeaOd a t  700 O in a 1.8 : 1 water 
vapor-hydrogen mixture. 

Sample G was pure Fez03 reduced at  700° by a 0.425: 1 water vapor-hydrogen 
mixture. 

The FeAOa used in samples B, E, F and G was prepared by drying ferric hydroxide 
precipitated from ferric nitrate solution by ammonium hydroxide. 

The apparatus used in the reduction of samples D, E, F and G consisted of a 5-cm. 
quartz tube packed into a furnace and connected on the one end by a ground joint to a 
source of water vapor and hydrogen. Water vapor from a steam boiler, together with 
pure hydrogen from a flow meter, was passed through heated connecting tubes to two 
thermostated bead towers in series and then to the quartz reaction tube. The thermo- 
stat varied only *O.1° during the preparation of a sample. 

(8) Emmett and Miss Love, J. Phys. Chem., 34, 41 (1930). 
(9) Larson and Richardson, Ind. Eng. Chem., 17, 971 (1925). 
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In carrying out the static experiments, two or three preliminary oxidation or re- 
duction runs were made when necessary to ensure the presence of both solid phases. 
Any possible surface effects that might result from an insufficient amount of one phase 
were thereby avoided 

The results of the present static equilibrium experiments are shown in 
Tables I, I1 and IIX; they were obtained by circulating water vapor- 

K4 corrected 
Temp., Initial   to to^, PHPO. PHZ,  K4 = to 400, 500 

Run Sample O C .  HPO/H~ mm mm. mm. P H Z O / P H ~  and 650, resp 

123.0 0.108 0.107 
108.1 ,115 ,105 
115.0 ,114 .I15 
125.5 .lo4 .I03 
116.2 ,112 ,113 
141.6 ,100 .098 

Average for 400 " .I07 

63.2 .211 .209 
63.9 .210 ,210 
21.0 .218 .215 
20.2 ,226 .222 
58.7 ,213 .211 
61.4 ,214 .214 
60.8 ,217 .215 
61.9 ,217 ,216 
62.5 .215 ,215 
61.5 ,214 .212 
62.0 ,214 .213 
62.3 .218 .217 
62.2 ,220 ,220 
63.6 .218 .216 
69.4 ,206 .207 
82.5 .212 .212 
79.7 .219 .214 

Average for 500 " .2 14 

42.6 .286 .286 
42.2 .289 ,290 
42.6 .287 .288 
43.1 .284 ,284 
43.5 .282 .280 
47.1 ,279 .277 
46.3 ,286 .282 
47.2 ,281 .281 
47.3 ,280 ,280 
47.7 .282 ,282 
48.4 ,283 ,282 
51.4 ,279 ,279 

Average for 550 ' ,283 
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TABLE 11 

EQUILIBRIUM DATA FOR THE SYSTEM Fe304-H2-Fe0-H20 AS MEASURED IN A STATIC 

TYPE APPARATUS: SAMPLE E; Pa,o, 17.50 M M .  
K4 corrected 

Temp., Initial Ptatsl, PHZ,  K' to 600, 700, 
Run O C .  HzO/Hz mm. mm. PHXJ/PHZ.  800°, resp. 

279b 599 0.393 58.4 40.9 0.428 0.432 
280 599 .660 55.0 37.5 .467 .471 
281 598.5 .421 56.0 38.5 .454 .459 
282 601 .507 54.2 36.7 .477 .473 
283 599 .454 55.0 37.5 .467 .471 

Average for 600 " .461 

268 70 1 .479 32.2 14.7 1.190 1.18 
269a 699.5 .714 32.4 14.9 1.175 1.18 
269b 700.0 1.224 32.4 14.9 1.175 1.18 
270 699.5 0.854 32.6 15.1 1.158 1.16 
271a 699.5 i .4GO 32.4 14.9 1.175 1.18 
272 700.5 0.686 33.0 15.5 1.128 1.12 
273 700.5 1.549 32.4 14.9 1.175 1.17 
274 700.5 0.936 33.0 15.5 1.128 1.12 

Average for 700 " 1.16 

275 802.5 1.356 24.8 7.3 2.396 2.35 
276 802.5 1.011 24.8 7.3 2.396 2.35 
277 801.0 3.181 24.8 7.3 2.396 2.37 
278 802.5 7.000 24.8 7.3 2.396 2.35 

Average for 800" 2.35 

TABLE I11 
SUMMARY OF EQUILIBRIUM DATA FOR THE SYSTEM F ~ ~ - H Z - F ~ - H ~ O  MEASURED IN A 

STATIC TYPE APPARATUS 

KI = P a * o / P ~ t  
Temp. BY BY Average of static By flow 
"C. oxidation reduction runs expts." 

600 0.334 (5) 0.334 (1) 0.334 (6) 0.332 
700 .420 (27) .418 (14) .419 (41) .422 
800 .508 (6) .496 (8) .501 (14) .499 
900 .623 (4) .576 (3) .603 (7) .594 

1000 .682 (2) .675 (3) .678 (5) .669 
" See Emmett and Shultz, THIS JOURNAL, 52, 4268 (1930). Numbers in paren- 

theses show number of runs averaged. 

hydrogen mixtures in a counter-clockwise direction over an Fe-FeO, FeO- 
Fea04 or Fe-Fes04 sample through bulb W and back again to the reaction 
tube until over three successive fifteen-minute periods no pressure change 
occurred. Since comparatively few equilibrium data for the Fe-Feo04 
system are available in the literature, Table I gives all of the completed ex- 
periments made on reaction 4. The only counter-clockwise runs omitted 
are those m which equilibrium was approached so slowly that a steady state 
could not be obtained during a single work day and those that were ir- 
regular because of temporary failure of the circulating pumps. A plot 
of the total pressure as a function of time yielded curves that left no un- 
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certainty as to whether or not the circulating pumps had been functioning 
properly throughout a run. The table is practically self-explanatory. 
The pressures recorded in column 5 are the final ones read on manometer 
M, when a steady state had been reached. The vapor pressures of water 
are those given in the "International Critical Tables" for the observed 
temperatures which were read to 0.05' on a calibrated thermometer in- 
cluded in the reaction system and projecting into the water in bulb W. 
The hydrogen pressures of column 6 are the values of column 4 minus those 
of column 5 .  The average values of K4 are 0.107, 0.214 and 0.283 a t  
400, 500 and 550°, respectively. 

In Table 11 are shown all of the counter-clockwise experiments per- 
formed in the final static apparatus on the system Fe304-Hz-Fe0-HzO. 
These show constant reproducible HzO/H2 equilibrium ratios averaging 
0.461, 1.16 and 2.35 a t  600, 700 and 800°. They were obtained over 
sample E which was prepared by reducing Fe2O3 to Fea04 a t  700° with a 
stream of 1.8 : 1 water vapor-hydrogen. 

The runs on the Fe-FeO system were too numerous to be presented in 
detail. A summary of them is presented in Table 111. 

The averages of the values of Kz and KI obtained in the present static 
experiments differ by less than 2% from those of our former flow experi- 
m e n t ~ . ~  Thus, in the FeO-FesOa system the flow and static results 
are, respectively, 1.18 and 1.16 a t  700°, and 2.37 and 2.35 for 800°. The 
values for flow and static experiments in the Fe-FeO system are shown in 
columns 7 and S ,  Table 111. 

The experimental errors involved in the static runs are small. Possible 
error in obtaining the absolute temperatures of the samples ( = t 2 O ) ,  in 
making each pressure reading (*0.2 mm.), and in reading the tempera- 
ture of the water-bath (*0.05O), would mean maximum uncertainties of 
about ~ 0 . 0 0 4  in the individual values of K.4, f0.003 for 600°, to 0.012 for 
1000' in the values of K1, and *0.014, *0.04 and *0.13 in the values of 
KZ  a t  600, 700 and 800". 

The experimental results presented in Tables I to I11 are for those runs 
in which counter-clockwise circulation was employed, the water vapor- 
hydrogen mixture passing quickly from the metal oxide sample through 
the small diameter quartz tube to water bulb W. I t  was invariably found, 
however, that if circulation in the opposite direction was employed so that 
the water vapor-hydrogen mixture passed from the metal-oxide sample 
along the large diameter quartz tube to the cool part of the apparatus, 
values of KI, KZ and Kq were much higher than those shown and rather 
erratic. Thus a t  700° the value of K1 with clockwise circulation varied 
from 0.46 to 0.58. In fact many of the values obtained by clockwise cir- 
culating agreed well with those shown along curve 2, Fig. 2, being 30 to 
40% higher than our own flow results or counter-clockwise static experi- 



ments. The results of these clockwise circulation experiments were a t  
first baffling; however, they furnished a clue that led eventually to the 
phenomenon of thermal diffusion as the explanation not only of our own 
observations but of the many erroneously high values of K1 and Kz reported 
by various workers. 

Fig. 2. 

Thermal Diffusion as a Factor in Equilibrium Measurements on the 
Fe-H-0 System.-According to  the theory of thermal diffusion worked 
out by Chapmanlo and by Enskogll and verified for certain gas mixtures by 
a number of workers,12 if two gases of different molecular weights such as 
water vapor and hydrogen are placed in a tube one end of which is heated 
while the other remains cold, the ratio of the heavy gas to the light gas 
rapidly becomes and remains larger in the cold end of the tube than in the 
hot end. It seemed probable that in accordance with this theory the water 
vapor-hydrogen ratio in the "cold end" of a Deville type apparatus would 
be higher than in the "hot end." Furthermore, calculations made by 
equations developed by Chapman showed that assuming the molecules of 

(10) Chapman, Proc. Roy. Soc. (London), 93, 1 (1916); Phil .  Trans. Roy. Soc., 217, 115 (1917); 
Phil .  Mag.,  48, 602 (1924). 

(11) D. Enskog, Physzk. Z., 12,  538 (1911); Ann. Physik, 38, 742 (1912). 
(12) For a complete bibliography on thermal diffusion see Ibbs and Grew, Proc. Phys. Soc., 43, 

142 (1931). 
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water vapor and of hydrogen to be elastic spherical shells of diameters13 
2.29 and 1.36 A., respectively, the possible thermal separation that  could 
occur is about twice as great as the largest observed discrepancies. 

In order to prove that this thermal diffusion factor actually does account 
for the large observed discrepancies in Fe-H-0 equilihrlum data the 
apparatus shown in Fig. 1A was so modified as to permit an actual deter- 
mination of the water vapor-hydrogen ratios to be made simultaneously in 
the hot and cold ends of tube A. The Pyrex tube between pump P and fur- 
nace F was sealed off a t  q ;  then a connecting line from q to r? was inserted 
as shown by the dotted line in Fig. 1A. This permitted the water vapor- 
hydrogen mixture to be circulated across the cold end of A. By diffusion 
this gas mixture could penetrate the hot portion of tube A and reach 
the metal-oxide sample. Finally a 1-mm. quartz capillary tube was 
fastened by a quartz-Pyrex seal to a 0.2-mm. capillary tube and sealed 
into tube A as shown in Fig. 1A. This capillary was then connected through 
a mercury cut-off C to a gas buret and another manometer Mz as shown. 

By lowering the mercury in C a sample of water vapor-hydrogen from 
the "hot end" of the quartz reaction tube could be collected in the buret 
between the marks x and y, a t  a pressure pl. By circulating the gas 
sample back and forth through the capillary U surrounded by liquid air in 
the Dewar flask D the water vapor could be frozen out, leaving hydrogen a t  
pressure pi. The water vapor-hydrogen ratio is equal to ( P I - p z ) / p z ,  
where p2 is the value of the hydrogen pressure, corrected for the slight 
pressure change caused by cooling the gas in "U." The volume of the 
capillary immersed in liquid air was ordinarily only a few hundredths of a 
cc. out of a total buret volume of about 4 cc., so the correction to pt was 
small. In making an actual analysis it was customary first to remove and 
pump out the small amount of gas from the sampling capillary down to the 
gas buret about five minutes before the regular analysis was taken. This 
increased somewhat the accuracy of the analytical determinations by mak- 
ing the gas sample taken for analysis more nearly the composition of the gas 
mixture actually present a t  the moment of sampling in the hot part of the 
reaction tube. 

A comparison of the composition of the water vapor-hydrogen mixture 
in the hot and the cold ends of the reaction tube is shown in Table IV. 
Columns 3 and 4 give the water vapor-hydrogen ratios calculated by 
reading the total pressure in A on manometer C and noting the tempera- 
ture of the water in bulb W; the analytical results are shown in columns 
5 ,  6 and 7. Although the observational errors were necessarily rather 
large, this method of analysis proved quite satisfactory. Assuming an ac- 
curacy of * 0.2 mm. in each pressure reading on the manometer M2 used in 
the analytical determinations, there might be a maximum error in any one 

(13) Jeans, "Dynamic Theory of Gases," p. 327. 



water vapor-hydrogen analysis from 3 to 5%, depending upon the partial 
pressures of hydrogen and water vapor in the sample chosen. 

TABLE IV 
THERMAL DIPPUSION EXPERIMENTS USING Fe-FeO OR Fes04-FeO SAMPLES 

By analysis 
Initial Final pres- 

By manometer pressure sure pH, 
Temp., Initial Final PH~O + PHS, (corrected), 

Run OC. HzO/Hz HnO/& mm. mm. P H L O / ~ H ~  

Fe-FeO System (Sample F) 
284a 700 0.207 0.548 46.0 32.7 0.40 
28413 702.5 .559 .548 53.8 38.0 .42 
286a 700 .353 .623 97.0 71.2 .36 
286b 699 .660 .646 54.4 37.4 .45 
288a 800 .269 .708 48.6 32.7 .49 
289 801 .744 ,708 48.0 32.7 .47 
290a 900 .299 .821 49.8 31.5 .58 
290b 902 .854 .821 43.0 28.0 .54 
290c 899 .854 .821 45.6 29.6 .54 
291a 1001 .304 .966 46.0 26.8 .72 
291b 1001 1.011 .966 46.2 27.9 .65 
291c 1001 1.035 .966 44.0 26.9 .64 

FeO-FesOd System (Sample G) 
297a 700 0.193 1.495 27.4 12.1 1.26 
297b 700.5 1.521 1.495 26.4 12.1 1.18 
297c 699.5 1.521 1.495 35.6 16.5 1.15 
29% 800 0.402 3.181 31.6 9 .5  2.33 
298b 800.5 3.301 3.181 31.6 9.4 2.36 
29& 800 3.430 3.181 32.0 9.6 2.33 
298d 800 3.430 3.181 30.4 9.0 2.38 

Water-hydrogen ratio 
In "cold end" Best valuesa 

T z ~ P . ,  by of previous In "hot end" In Bow 
System C. manometer static expts. by analysis experiments6 

Fe-FeO 700 0.57 0.584 0.41 0.422 
Fe-FeO 800 .71 .706 .48 .499 
Fe-FeO 900 .82 .822 .55 .594 
Fe-FeO 1000 .97 ,937 .67 .669 
FeO-Fea04 700 1.50 1.45 1.20 1.181 
FeO-FeaOa 800 3.18 2.98 2.35 2.372 

" See Eastman and Evans, THIS JOURNAL, 46, 888 (1924). see Emmett and 
Shultz, ibzd., 52, 4268 (1930). 

The summary of various experimental results given in Table V can in 
our opinion leave no reasonable doubt that owing to the action of thermal 
diffusion the "best values" for KI and Kz obtained by previous static 
experiments are about 40% high and that our own flow and static experi- 
ments are essentially correct. The water vapor-hydrogen ratios given in 



Percentage water vapor . Temp., "Cold end" "Hot end" In In Differ- 
O C .  HaO/E4 HaO/Hz "cold end" "hot end" ence 

column 3 were obtained by an apparatus and procedure identical in all 
important respects to that used by Eastman and Evans,'* Schreiner and 
Grimmes,15 Wohler and Giinther16 and van Groningen,17 in that a water 
vapor-hydrogen mixture was permitted to diffuse from the cold end of a 
large diameter tube to the "hot end" of the same tube and there equilibrate 
with an Fe-FeO or Fe304-FeO sample. As in their experiments, the water 
vapor-hydrogen ratio was taken as the ratio of the P&o in the thermo- 
stated water bulb W to the difference between the total pressure in the 
apparatus and the These readings of column 3 agree excellently 
with the "best values" of the above-mentioned previous static experiments 
given in column 4 and yet are 40% too high. The composition of the water 
vapor-hydrogen mixture actually present in the hot end of the reaction 
tube is given in column 5 by the analysis of samples taken directly from 
the hot end of the apparatus. Our confidence in the essential correctness 
of the values of KI and Kz obtained by our static and flow experiments rests 
upon their agreement with each other, with the results of the direct analysis 
of column 5, Table V, and with the values calculated from the Fe-C-0 
system with the help of Ka. 

The diffusion data also make clear why our static experiments per- 
formed in the apparatus shown in Fig. 1A were correct only when the 
water vapor-hydrogen mixture was circulated in a counter-clockwise direc- 
tion. When a steady state is attained in a given experiment a t  say 700' 
the gas composition in the "hot end" of the reaction tube will be about 0.41 
to 0.42, as shown in column 5, regardless of the direction of circulation. 
Furthermore, the "cold end" water vapor-hydrogen ratio will be much 
higher, approaching 0.57 or 0.58, if the gas mixing caused by the pump cir- 
culation is not too great. I t  now becomes evident that circulating the 
gaseous mixture in a counter-clockwise direction to a steady state and tak- 
ing the usual manometer and temperature readings is in reality merely a 
means of analyzing the "hot end" H20-H2 mixture, for the linear velocity of 
the gas passing along the 3-mm. quartz tube toward q is sufficiently high 

(14) Eastman and Evans, Tars JOURNAL, 46,888 (1924) 
(15) Schreiner and Grimmes, Z. anorg. allgem. Chem., 110, 311 (1920). 
(16) Wohler and Gunther, 2. Elektrochem., 29, 276 (1923). 
(17) Van Groningen, Dissertation, Delft, 1921. Our conclusions relative t o  Van Groningen's re- 

sults are based on statements of Wohler and Gunther as the originaldissertation was aot  available to us. 



to prevent a change in composition of the gas mixture by thermal diffusion 
a t  the 700' to room temperature transition point. The observed water 
vapor-hydrogen ratio, therefore, will be the one existing in the hot end of A 
in equilibrium with the Fe-FeO sample. Clockwise circulation to a steady 
state, on the other hand, merely analyzes the "cold end" steam-hydrogen 
mixture giving an observed K1 value of about 0.57 or 0.58, which is ap- 
proximately 40% higher than that existing in the "hot end" of the appara- 
tus. It thus becomes clear why our own clockwise results gave high water 
vapor-hydrogen ratios whereas our counter-clockwise experiments gave 
correct values of K1, Kz and Kk. 

I t  may be well to point out that if clockwise rather than counter-clock- 
wise gas circulation is employed, our apparatus becomes essentially the 
same as that used by Wohler and Balz,18 Wohler and Praeger19 and 
C h a ~ d r o n , ~ ~  in that a slow circulation of gas from the "hot end" to the 
"cold end" of a large diameter reaction tube occurs. In agreement with 
our own clockwise experiments, they obtained erratic values that were 
from 5 to 40% too high. I t  seems probable that thermal diffusion also 
caused the principal errors in their work. 

Although the diffusion experiments of Tables IV and V seem to sub- 
stantiate and prove the correctness of our data on the Fe-FeO and FeO- 
Fe304 systems it remained to prove that a t  400 and 500' thermal diffusion 
could account for the rather large differences between our own results on the 
Fe-Fe304 system shown on curve 3, Fig. 2, and those of Wohler and Giinther 
shown on curve 2. However, diffusion experiments on the Fe-FesOl sys- 
tem similar to those obtained above for the FeO-Fe and Fe0-Fe304 systems 
proved impractical because of the slowness with which equilibrium was 
attained a t  temperatures of 400 to 500' in the Fe-FeaOh system. Accord- 
ingly, diffusion experiments were performed without a metal-oxide sample 
in the quartz reaction tube. The apparatus was connected as in our 
previous diffusion experiments. Sufficient hydrogen was admitted to 
form "cold end" water vapor-hydrogen ratios shown in column 2, Table 
VI. After about thirty to sixty minutes circulation of the gas mixture 
across tube A by the circulating pumps, the analytical values shown in 
column 3 were obtained. 

The differences between the water vapor-hydrogen ratios in columns 
2 and 3, Table VI, can be seen to be qualitatively the same as the differ- 
ence between the 0.107 value for curve 3 and the 0.162 value for curve 
2, a t  400°; or the 0.214 value for curve 3 and the 0.320 for curve 2, a t  
500'. 

The number of thermal diffusion experiments at  400 and 500' is, how- 
ever, too small to warrant rigorous quantitative comparisons. Neverthe- 

(18) Wbhler and Balz, Z. Elektrochem , 27, 406 (1921). 
(19) Wohler and Praeger, ibid., 23, 199 (1917). 
(20) Chaudron, Ann. chim. phys., 16, 221 (1921). 
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less, it  may be of interest to point out that the largest observed differences 
between the cold end water vapor-hydrogen ratios in column 2 and the 
hot end ratios in column 3 do account quantitatively for the discrepancy 
between curves 2 and 3 a t  400 and 500'. I t  seems fair to conclude, there- 
fore, that our own values of Kq shown in Table 111 are essentially correct 
whereas those of previous workers are as much as 50% too high because of 
the thermal diffusion factor. 

Discussion 

The results of various experimental determinations of K1, K2 and Kq 
have been plotted in Fig. 2. Of the static experiments, all but the early 
ones of Deville,' Chaudron21 and PreunerZ2 have been discussed and 
seem to be in error because of thermal diffusion. The experiments of these 
workers have been considered fully in previous  publication^;^,^^ various 
sources of error other than thermal diffusion have already been attributed 
to them. Consequently, their work need not be discussed here in detail; 
it  will suffice to point out that the experimental results both of Chaudron 
and Deville probably should have been high because of thermal diffusion, 
whereas those of Preuner should not have been far in error. As can be 
seen from Fig. 2, Preuner's results are from about 3 to l6Yo high; those of 
Deville, when corrected for various probable sources of error, are 15 to 25% 
high; and those of Chaudron are from 0 to 40y0 high. The two or three 
approximately correct values of K1 obtained by Chaudron in the 600 to 
700' region seem to be either the result of certain errors compensating for 
the thermal diffusion factor, or of some unexplained detail of procedure 
stirring the water vapor-hydrogen mixture effectively and eliminating the 
thermal diffusion error. His results are certainly not sufficiently consistent 
to be considered valid exceptions to our general conclusions relative to 
thermal diffusion. 

Although our static and flow experiments agree in general with curve 
1 obtained indirectly by combining values of K3 and values for equi- 
librium constants in the Fe-C-O system, it will be noticed that a t  600 and 
700° in particular our results seem to be a few per cent. lower and a t  
900 and 1000° a per cent. or so higher than curve 1. We were a t  first in- 
clined to attribute this to a combination of possible experimental errors in 
our own results, and uncertainties in the values of K3 used in calculating 
curve 1. Completion of the Fe-Fe30k experiments, however, has fur- 
nished one definite bit of evidence that curve 3 probably represents the 
value of K1 and Kz more accurately than curve 1. Eastman has pointed 
out that Ka must be equal to K~,/~-K;'' where K1 and K2 are obtained by 
extrapolation of the equilibrium curves from above the triple point Fe- 
FeO-Fe3Or down to 400 or 500°. Such extrapolations and calculations 

(21) Chaudron, Compl. rend., 159, 237 (1914). 
(22) Preuner, 2. physik. Chem., 47, 385 (1904). 
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from curve 1 lead to K4 values of 0.238 and 0.127 a t  500 and 400°, respec- 
tively, instead of our experimental values of 0.214 and 0.107. On the other 
hand, analogous calculations of K4 from curve 3 yield values in satis- 
factory agreement with our own experimental results. We are, therefore, 
inclined to believe that curve 3 represents the Fe-H-0 equilibria even 
more accurately than curve 1 and that the difference between these two 
curves is due either to slight errors in the present "best values" of the 
equilibrium constants for the Fe-C-0 system or in the values of K3 or in 
both. 

The question naturally arises as to whether the thermal diffusion factor 
may not also have influenced the measurements of the C02/CO ratios re- 
ported for the equilibrium in the Fe-C-0 system. calculations based on 
the thermal diffusion measurements of Ibbs and U n d e r ~ o o d ~ ~  on carbon 
monoxide-carban dioxide mixtures do indeed indicate the possibility of con- 
siderable errors in the Fe-C-0 equilibrium data. Thus if equilibrium with 
respect to thermal diffusion were established the "cold end" C02/CO ratios 
for the Fe-FeO system might be higher than the "hot end" values by as 
much as 6.3% at 600' to 7.9y0 at 1000°. The actual errors in published 
CO$CO data that can be attributed to thermal separation are, however, 
uncertain for two reasons. In the first place, frequently authors do not 
state whether the carbon dioxide-carbon monoxide mixture taken for 
analysis is from the "hot e n d  or "cold end" of the apparatus. Second, 
almost all studies of the Fe-C02-FeO-CO system have been made a t  
nearly one atmosphere pressure where diffusion is slower and convection 
currents are likely to cut down considerably the amount of thermal separa- 
tion occurring between the hot and cold ends of the usual reaction vessel. 
Only some careful experiments on the Fe-C-0 system made in such a way 
as to avoid any thermal separation of the carbon monoxide-carbon di- 
oxide mixtures can definitely prove whether or not the "best values'' for the 
Fe-C-O system reported by Eastman3 are free of any thermal diffusion 
errors. 

The apparatus used in the present studies was not well adapted to the 
determination of the actual and accurate composition of the phases that 
we have freely spoken of as Fe, FeO and Fe304. Although the initial 
composition of the sample and the total amount of oxygen added or re- 
moved were always known, it was impossible to say whether the steady 
state obtained during the one to six hours run employed in the present 
studies corresponded to equilibrium with the sample as a whole or with 
only the outer few layers of molecules in the individual solid particles. Ex- 
periments extending over much longer equilibration periods would be 
needed to establish definitely the variation of the water vapor-hydrogen 
equilibrium ratio with the composition of any solid solutions that might 

(23) Ibbs and Underwood, Proc. Phys. Soc., 39, 227 (1927). 



exist in the iron-oxygen system. The results of Krings and Kernpken~,~4 
however, make it seem very probable that our Fe phase contained a t  the 
most a few tenths of one per cent: of oxygen. The FeO in the present ex- 
periments is probably the low oxygen limit of any FeO-Oa solid solution 
that may On the other hand, the Fe304 employed in the Fe0-Fes04 
equilibrium experiments was probably the upper limit of any solid solution 
existing between Fe304 and small amounts of FeO as i t  was prepared by 
passing a 1.8:l water vapor-hydrogen mixture over Fe2O3 a t  700". 

The temperature at  which the three solid phases, Fe, FeO and FeOA can be 
in equilibrium with a water vapor-hydrogen mixture is about 55g0 according 
to the experimental values for Kl, Kz and K3, shown along curve 3. This 
seems definitely lower than the 570" value usually assumed for this point. 

In previous publications5 a tentative explanation for the various dis- 
crepancies in Fe-H-0 equilibrium studies was made by assuming that a 
"surface effect" may have been present as a disturbing factor. Our 
present static experiments, however, have shown that such surface effects 
cannot account for the consistently high values frequently reported for K1 
and Kz; they may, however, have been factors in the erratic behavior of 
certain previous experiments, particularly those of P r e ~ n e r . ~ ~  

No data have appeared in the literature so far relative to the separation 
of water vapor-hydrogen mixtures that may result for different tempera- 
ture gradients in consequence of thermal diffusion. The data reported 
in Tables IV to VI above can in no sense be considered to represent neces- 
sarily the maximum thermal separation that may occur in water vapor- 
hydrogen mixtures as a result of the temperature gradients here existing. 
I t  is safe to conclude, however, that within the experimental errors of the 
present work, they can be considered minimum values for such thermal 
separation. 

Summary 
A modified Deville type static apparatus is described by which the 

equilibrium ratios of water vapor-hydrogen have been found to be 0.334, 
0.419, 0.501, 0.603 and 0.678 at 600, 700, 800, 900 and 1000" for the 
Fe-FeO system; 0.107, 0.214 and 0.283 at 400, 500 and 550" for the 
Fe-Fe304 system; and 2.35, 1.16 and 0.461 at 800, 700 and 600" for the 
FeO-Fe304 system. Thermal diffusion has been shown to account for pre- 
vious static values being as much as 40% too high. The change in com- 
position of water vapor-hydrogen mixtures because of thermal diffusion 
has been measured in the absence of an oxide sample at  400 and 500". 
The possible influence of the thermal diffusion factor on the system 
Fe-C-0 has been discussed. 

WASHINGTON, D. C. RECEIVED SEPTEMBER 22, 1932 
PUBLISHED APRIL 6, 1933 

(24) Krings and Kempkens, 2. anorg. allgern. Chem., 183, 225 (1924); 190, 313 (1930). 
(25) Ralston, Bull. 290, U. S. Bureau of Mines (1929). 
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Equilibrium in the System Sn0,-H,-Sn-H,O. Indirect 
Calculation of the Values of the Water Gas Equilibrium 

Constants 

BY P. H. EMMETT AND J. F. SHULTZ 

In  previous publications1 we have shown that thermal diffusion by 
creating a difference between the composition of a water vapor-hydrogen 
mixture in the hot end and that in the cold end of a reaction tube has been 
responsible for many of the experimental values for the equilibrium con- 
stants in the Fe-H-0 system being as much as 40% too high. I t  seemed 
very probable that the same phenomenon had caused the values of K1 
obtained by Eastman and Robinson2 for the reaction 

to be similarly in error. We have, accordingly, redetermined the value of 
K1 using the apparatus and procedure that has previously been shown to 
eliminate thermal diffusion errors in determining values of the equilibrium 
constants for the Fe-H-0 system3 The sample of SnOz used was prepared 
by dissolving C. P. tin in nitric acid, heating the resulting stannic acid 
to  expel the moisture and finally igniting it in air to 500 or 600'. The 
3-g. SnO2 sample was partially reduced in situ before the final experiments. 

Results 

The experimental results are shown in Table I. The total pressures 
(column 4) were read on a mercury manometer. The partial pressure of 
water vapor as obtained from the "International Critical Tables" for the 

TABLE I 
EQUIL~BRIUM MEASUREMENTS ON THE SYSTEM SNOZ-HZ-SN-I<ZO 

Run 

26 
27 
38 
29 

Temp., 
OC. 

650.5 
650.0 
650.0 
651.0 

Initial 
HzO/& 
0.837 
5.51 
0.757 
2.097 

Ptotal, 
mm. 

38.4 
37.2 
38.4 
37 .8  

K1 = Kt corr. to 600, 
700, 750 and 

PEZO/PHZ 800°C., resp. 

1.61 1.61 
1.76 1.76 
1.61 1.61 
1.68 1.67 

Average for 650 " 1.66 

2.21 2.20 
2.25 2.23 
2.25 2 .24  
2.17 2.17 
.2.25 2 .24  

Average for 700 " 2.22 

(1) Emmett and Shultz, THIS JOURNAL, 64, 3780 (1932). 
(2) Eastman and Robinson. ibid. ,  50, 1106 (1928). 
(3) The apparatus is that shown in Fig. 1A of a preceding article on the Fe-H-0 system by Em- 

mett and Shultz, THIS JOURNAL, 56, 1376 (1933); the procedure was identical with that there described. 
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Run 

22 
23 
24 
25 

Temp., 
O C .  

751.0 
749.5 
750.5 
749.5 

TABLE I (Concluded) 
K1 = KI corr t o  600. 

Initial Ptotn l  700, 750 and 
HzO/Hn mm. Pn@/Pnz 800°C., resp. 

0.578 32.0 2.85 2.84 
0.619 32.0 2.85 2 86 

m 32.2 2.79 2.78 
m 32.0 2.85 2.86 

Average for 750 " 2.84 

7.18 30 4 3.54 3 55 
0.~j.53 3n fi 3 44  3 44 
0.734 30 4 3 54 3.55 

w 30 4 3 54 3.54 
m 30.4 3.54 3.55 

Average for 800 " 3.53 

temperatures of the thermostated water bulb included in the reaction 
system was 23.7 mm. in all runs. The hydrogen pressures used in calculat- 
ing K1 are the differences between the total pressures in the system and the 
partial pressures of water vapor. 

If the temperature of the metal oxide sample is considered accurate 
to *2', that of the water-bath to *0.05', and the pressure readings to 
*0.2 mm., the total uncertainty that might exist as to the value of K1 
given by any one experiment would be *0.06 unit at  650' C., *0.09 a t  
700, +0.13 at  750 and +0.18 a t  800°. The probable errors calculated 
from the runs shown in Table I are of course very much smaller. 

Our experimental results are summarized in Table 11. The values 
obtained by static and by dynamic experiments of Eastman and Robinson2 

are included for comparison, as also are the values of K 1  calculated from 
the values of K2 for the reaction 

l/zSnOz + CO = l/&n + COz Kz = C02/C0 

together with the value of the constant Kp for the reaction 

Hz + COz = CO + Hz0 (CO) (Hz0) 
K 8 =  (COz) (Hz) 

In Fig. 1 are plotted our data (curve 2) as well as those of Eastman and 
Robinson obtained by static experiments (curve 3) and by dynamic ex- 
periments (curve 4). Curve 1 shows the equilibrium water vapor-hydrogen 
ratio calculated indirectly with the assistance of the Sn-C-0 data of East- 
man and Robinson and values of the water gas constant K3. 

Discussion and Conclusion 

As can be seen in Fig. 1, curves 1 and 2 agree approximately with each 
other, but represent values of K1 about 25% lower than those obtained 
in the static experiments of Eastman and Robinson (curve 3). Further- 
more, the difference in composition between the water vapor-hydrogen 

(4) The values of K: used were obtained from equation 38 given by Bryant, Ind. Eng. Chem., 23, 
1019 (1931). 



mixture corresponding to curve 2 and those corresponding to curve 3 is in 
approximate agreement with that obtained for comparable water vapor- 
hydrogen ratios and temperature gradients in the Fe-H-0 equilibrium 
studies. Probably, then, their values of K, really show the steady state 
composition of the water vapor-hydrogen mixture in the cold end of the 
static apparatus rather than the equilibrium ratio existing in the hot end 
of the apparatus in contact with Sn-SnOz. Thus, values of K1 obtained 
in the static experiments of Eastman and Robinson and shown by curve 3 
seem to be about 30% high because of the same thermal diffusion factor 
responsible for errors in similar studies on the Fe-H-0 system. 

8 9 10 11 12 
I / T  x lo4. 

Fig. 1.-Variation with 1/T of log K,  where K = HzO/Ht in 
equilibrium with Sn-Sn02. The calculated values of K repre- 
sented by curve 1 were obtained by combining the equilibrium 
data of Eastman and Robinson for the Sn-C-0 system with 
values for the water gas constant 1'3 given by free energy equa- 
tion 38 in the paper of B r ~ a n t . ~  

It seems odd, at  first, that a dynamic system such as used in obtaining 
curve 4 could be in error due to thermal diffusion. However, a dynamic or 
flow system can involve errors due to thermal diffusion as readily as a 
static system provided the rate of gas passage through the reaction vessel 
is sufficiently low. In the paper of Eastman and Robinson the rate 



April. 1933 TIN OXIDE TIN-HYDROGEN-WATER EQUILIBRIA 1393 

of gas passage was not given; i t  might have been small enough to have per- 
mitted the water vapor-hydrogen mixture in the cold end of the large 
diameter inlet tube to have become much larger than that in the hot reac- 
tion bulb. At any rate, the 655 and 703' points but not the 809' point in 
their dynamic experiments can be accounted for by the same amount of 
thermal diffusion that explains the difference between the curves 2 and 3; 
the reason for the 809' point being considerably above curve 3 is not clear. 

From the summary given in Table I1 the values of K1 calculated in- 
directly from the Sn-C-0 eyuilibrium data and the water gas z o ~ s t a n t  .!& 
can be seen to agree approximately with our own directly measured values. 
The agreement is probably within the combined experimental error of our 
own experiments and those on the Sn-C-0 system. The indirectly cal- 
culated values of KI in column A are based upon the Sn-C-0 data of East- 
man and Robinson; those in column B on the data of Meyers and S~heffer .~  

Static expts. Dynamic expts. Calcd." from water gas constant 
Temp., Present Eastman and Eastman and and Sn-C-0 data 

OC. expts. Robinson Robinson A B C 

650 1.66 2.30 2.26 1.59 1.73 1.64 
700 2.22 2.97 3.02 2.12 2.30 2.17 
750 2.84 3.76 . . 2.81 2.95 2.79 
800 3.53 4.66 5.19 3.57 3.70 3.50 

" Column A is based on the Sn-C-0 data of Eastman and Robinson; columns B 
and C on those of Meyers and Scheffer. The Sn-C-0 data used in calculating column 
C have been corrected for possible thermal diffusion errors by the thermal diffusion data 
of Ibbs and Underwood6 on carbon monoxide-carbon dioxide mixtures. 

It is interesting to note that the indirectly calculated values of KI  (column 
C) based upon Kz values of Meyers and Schder that have been corrected 
for possible thermal diffusion errorsfi agree quite well with our own data. 
Whether any thermal diffusion errors actually did enter into the Sn-C-0 
experiments of either Eastman and Robinson or Meyers and Scheffer 
can of course only be decided by some careful experiments so carried out 
as to prevent the composition of the C02-CO mixture in the hot part of the 
reaction vessel being different from that in the cold part. 

The equilibrium data reported in the present paper remove the last 
large discrepancy between the directly measured values for the water gas 
equilibrium constant, K3, and those calculated indirectly by combining 
the equilibrium data for various metal-oxide-CO-C02 and metal-oxide- 

(5) Maeda [Bull Inst. Phys. Chem. Research (Tokyo). 2, 330 (1923)) and Fraenkel and Snipisch- 
ski [ Z .  anovg. allgem. Chem., 126, 235 (1922)] have also obtained experimental equilibrium values for 
the system Sn-C-0. Their work which has been criticized both by Eastman and Robinson and by 
Meyers and Scheffer has not been used in any calculations in the present paper. 

(6 )  The experimental data of Ibbs and Underwood [Proc. Phys Soc., 39,227 (1927)l on thermal 
diffusion in carbon monoxide-carbon dioxide mixtures make i t  possible to calculate the maximum error 
in the values of Kz that might have been caused by thermal diffusion in the experiments of Meyers and 
Scheffer. 



H20-H2 systems. In Table 111, accordingly, have been summarized the 
various indirectly calculated and the directly measured values for the 
water gas equilibrium constants between 400 and 1000°. For comparison 
the values of the constants obtained from free energy equations 38 and 39 of 
a recent paper by Bryant4 have been included. Bryant's equations were 
formulated from thermal data of various authors for CO, CO2, HzO and 
Hz, together with the 986' directly measured equilibrium value from the 
work of Neumann and Kohler.' 

TABLE 111 
VALUES OF THE WATER GAS EQUILIBRIUM CONSTANT, Kz = (CO) (HZ0)/(CO2) (HZ) 

Direct Calculated from 
measurements equations of Bryant Calculateda from HsO-Ha and COaCO 

Neumann Equa- Equa- equilibria with 
Temp.. and tion tion FeO- Sn-SnOl 

OC. Hahn Kdhler 38 39 Co-COO Fe-FeO Fez01 A B 

a The water vapor-hydrogen ratios and carbon dioxide-carbon monoxide ratios for 
the Co-COO calculation, as well as the water vapor-hydrogen ratios for the Fe-FeO, 
FeO-FeaOd and Sn-SnOz calculations, were taken from our equilibrium studies. The 
CO-COz equilibrium data for the Fe-FeO and FeO-FerOl systems are the "best value" 
given by Eastman in Circular 6125, U. S. Bur. of Mines (1929). The CO-C02 equi- 
librium data for the Sn-SnOz system were obtained from the paper of Eastman and 
Robinson (A) and the paper of Meyers and Scheff er (B). The values inclosed in paren- 
theses involve interpolations in the data on the Fe-H-0 system. 

The agreement as a whole is very satisfactory; certainly no large errors 
in the values of the water gas constants between 400 and 1000' now exist. 
The direct measurements of Hahns are from 2 to 4% lower than the 
values of K2 given by equation 39. Those of Neumann and Kohler agree 
in general decidedly better with equation 38 than with equation 39, as do 
also the indirect calculations based on equilibria with the Co-COO ~ y s t e m . ~  
In the temperature range 600 to 800°, however, indirect calculations based 
on the Fe-FeO and FeO-FeaOa systems agree very well with equation 39 
but are 2 to 3% lower than the values given by equation 38. It may be 

(7) Neumann and Kohler. Z. Ekkfrochem.. 34, 227 (1928). 
(8) Hahn, 2. physik. Chem.. 43, 705 (1903); 44, 613 (1903); 46, 735 (1903) 
(9) Emmett and Shultz, THIS JOURNAL, 51, 3249 (1929); 62, 892 (1930). 
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noted in this connection that any errors caused by thermal separation in the 
carbon dioxide-carbon monoxide mixtures in Fe-C-0 equilibrium measure- 
ments1° would cause the values of K8 calculated from the Fe-C-0 and the 
Fe-H-0 data to be low; accordingly the 2 or 3% difference between equa- 
tion 38 and the values of Kz thus indirectly calculated might easily be due 
to such errors in the Fe-C-0 data. The direct calculations of KQ based on 
our own data for the Sn-H-0 system and those both of Eastman and Robin- 
son (A) and Meyers and Scheffer (B) for the Sn-C-0 system have been 
included since it is not possible a t  present to decide which of the two sets of 
experimental values of K2 is the more reliable. I t  should be noted, how- 
ever, that as pointed out above the 3 or 47, discrepancy between the values 
of Ks in column B and those of equation 38 could be due entirely to thermal 
diffusion errors in the experiments of Meyers and Scheffer on the Sn-C-0 
system. 

Summary 
Values of the equilibrium constant H20/Hz for the reaction SnOz + 

Hz = Sn + Hz0 have been found to be 1.66, 2.22, 2.84, and 3.53 a t  
650, 700, 750 and 800°. These values are about 25% lower than the 
results of previous workers, and when combined with equilibrium data for 
the Sn-C-0 system give values for the water gas constant that agree 
within a few per cent. with those obtained by direct measurements. 

(10) See Eastman and Evans, Taxs JOURNAI., 46, 888 (1924). 
WASHINGTON, D. C. RECEIVED SEPTEMBER 23, 1932 

PUBLISHED APRIL 6, 1933 

The Recombination of Hydrogen Atoms. I 

Introduction 
The rate of recombination of hydrogen atoms has been measured by 

Smal l~ood ,~  Senftleben and Riechemeier3 and Steiner and W i ~ k e . ~  KasselK 

has summarized the results of these investigations. It seems fairly cer- 
tain that the reaction takes place partly on the walls, although Senftleben 
and Riechemeier and Steiner and Wicke present some evidence to indicate 
that the wall reaction is not very significant, and partly as a trimolecular 
gas reaction. Opinion differs as to whether hydrogen atoms or hydrogen 

(1) The material in this paper comprises a portion of a thesis presented by I. Amdur to the Gradu- 
ate School of the University of Pittsburgh in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy, June. 1932. 

(2) Smallwood, THIS JOURNAL, 61, 1985 (1929). 
(3) Senftleben and Riechemeier, Ann. Physik, 6, 105 (1930). 
(4) Steiner and Wicke, Z. physik. Chem., Bodenstein Band, 817 (1931). 
(5) Kassel, "Kinetics of Homogeneous Gas Reactions," Chemical Catalog Co.. New York, 1932, 

pp. 177-180. 
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molecules, or both, act as third bodies in the trimolecular gas reaction.= 
Smallwood found atoms and molecules to be equally effective, Senftleben 
and Riechemeier found a much greater efficiency for collisions with atoms 
than with molecules and Steiner and Wicke concluded that atoms are 
relatively inefficient as third bodies, contributing a t  the most only ten 
per cent. of the effect attributed to hydrogen molecules. In view of the 
discrepancies reported, it seemed desirable to repeat certain portions of this 
work, using a large range of atomic hydrogen percentages. The effect of 
varying the total pressure through a twofold range was examined to 
determine, if possible, the influence of the wall. It is also shown that 
certain objections raised against the calorimetric m e t h ~ d ~ . ~  are invalid. 

Experimental 

Apparatus and Procedure.-The apparatus was essentially that used by Small- 
wood2 with the following modifications. 

The rate of inflow of molecular hydrogen was determined from the reading of a 
calibrated ammeter when the rate of generation of hydrogen equaled the rate of pumping 
as shown by the constant levels of liquids in the limbs of the H-shaped generator. A 
high rate of pumping was secured by using a large four-jet mercury pumps connected in 
parallel with a single-jet pump. Three Hyvac pumps connected in parallel were used 
as fore pumps. 

The temperature rise produced in the Dewar vessel, which served as a calorimeter, 
by the recombination of hydrogen atoms a t  the surface of the platinum catalyst was 
measured with a twenty-five junction copper-constantan thermocouple, the cold junc- 
tion of which was immersed in a mush of ice and water in a Dewar vessel. The ther- 
mocouple was standardized against a Beckmann thermometer that had been calibrated 
by the U. S. Bureau of Standards. Between 20 and 30" the thermocouple voltage was a 
straight line function of the temperature with a value of 1006 microvolts per degree. 
Thermocouple voltages obtained during runs by means of a Leeds and Northrup Type K 
potentiometer were not converted to temperature rises since the heat capacity of the 
calorimeter was determined in terms of calories per millivolt rise of thermocouple voltage. 
Figure 1 shows a voltage-time plot for a typical run. The heat capacity of the calorime- 
ter was determined at  different positions along the recombination tube (with the dis- 
charge on and the platinum catalyst removed) for various rates of heating, corresponding 
to rates of heating observed during runs, by noting the increase in thermocouple voltage 
produced by passing a current through a constantan heating unit immersed in the 
calorimeter water, the energy input being measured potentiometrically. 

Variations in pressure were obtained by decreasing or eliminating the heat input 
to the mercury pumps. 

The walls of the recombination tube and discharge tube (both of Pyrex glass) were 
coated with sirupy phosphoric acid7 made by dissolving c. P. phosphorus pentoxide in 
distilled water. As a result reproducible results were obtained when the apparatus 
was used continuously and runs at  a given temperature were made in as short a time in- 
terval as possible. 

(6) For a discussion of the improbability of two atoms uniting to  form a molecule as a result of a 
binary collision, see Boltzmann, "Gastheorie 11," Leipzig, 1912: Polanyi, 2. Physik, 1, 337 (1920); 
Herzfeld, ibid., 8, 132 (1922); Born and Franck, Ann. Physik, 76, 225 (1925); Jeans, "Dynamical 
Theory of Gases," fourth edition, Cambridge University Press, p. 195. 

(7) Von Wartenberg and Schulze, Z. physik. Chem., BZ, 1 (1929). 
(8) Ho, Rev. Sci. Instr%ments, 3, 133 (1932). 
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Throughout the investigation the potential across the discharge tube electrodes was 
6600 volts and the primary current of the transformer was 32 amperes. 

Results 
The corrected thermocouple voltage increase was obtained by extrapolat- 

ing the final cooling curve and the initial warming curve until the ex- 
trapolated lines intersected the ordinate drawn a t  the mid-point of the 
time abscissa which represented the duration of the discharge. The height 

0 4 8 12 
Time, minutes. 

Fig. 1.-A voltage-time plot for a typical run. 

of this ordinate gave the corrected voltage as shown in Fig. 1. The frac- 
tion of atomic hydrogen a t  any point along the recombination tube is given 
bv 



where C is the heat capacity of the calorimeter in calories per mill i~olt ,~ 
AH is the heat of formation of one mole of molecular hydrogen from the 
atoms and was taken to be 102,800 calories per mole as reported by Richard- 
son and Davidson,l0 and t is the time in minutes during which the dis- 
charge was on. The other symbols have the meanings designated in 
Table I. The runs in a single set in this table were all made in one day and 
fit a smooth curve well (Fig. 2). 

Internal diameter of recombination tube, 1.066 cm.; length a b , ~  174 cm. 
Set 1 

PSb = 0.375 mm., Pb = 0.162 mm. Rate of flow of He = no = 0.881 X mole/sec 
Distance from 

bottomof Time of 
catalyst discharge E. m. f. (corr.) Dissociation 
x. em. t,  min. volts X. 103 100% 

13 7 5 2.321 94.0 
38 3 5 1.916 80.9 
66.0 5 1.643 69.6 
92.9 5 1.499 63.5 

116.4 5 1.399 59.2 

Set 2 
P, = 0.466 mm., Pb = 0.245 mm. no = 0.863 X mole/sec. 

14.1 5 2.133 87 9 
38.0 5 1.702 73.8 
63.0 5 1.381 59.5 
87.5 5 1.114 48.3 

112.0 5 0.994 42.8 

Set 3 
P, = 0.648 mm., Pb = 0.485 mm. no = 0.891 X lop6 mole/sec. 

13.1 5 1.933 76.8 
38.7 5 1.138 47.3 
63.2 5 0.779 32.4 
87.6 8 .883 23.2 

112.4 10 .874 18.5 

Set 4 
P, = 0.802 mm., Pb = 0.682 mm. no = 0.835 X mole/sec. 

14.1 5 1.537 65.7 
38.8 6 0.870 32.6 
64.0 10 .874 19.6 
88.7 14 .889 14.2 

111.0 15 .719 10.6 
" a and b are positions of the taps to the McLeod gage from the lower and upper 

ends of the recombination tube, respectively. Pa and Pb are averages for separate 
runs in a set (measured a t  least twice during each run). The maximum deviation 
of the individual values from the recorded average was 3 %. 

(9) When the calorimeter was quite close (10 to 15 cm.) to the discharge tube, this value was 110 
calories per millivolt as compared to 115 calories per millivolt for all other positions along the recombina 
tion tube ab. The lower value is no doubt due to  heat conduction from the discharge tube. 

(10) Richardson and Davidson, Proc. ROY. Soc. (London), Al'23,466 (1929). 
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To calculate reaction velocity constants for the various possible kinetic 
processes, a knowledge of the variation of pressure along the vertical 
recombination tube is necessary. Smallwood attempted to measure 
the change of pressure with distance by sealing in pressure taps a t  points 
along the tube and connecting the taps to the McLeod gage. He was 
unsuccessful, probably because of a catalytically active tube. We were 

X, crn. 
Fig. 2.-Percentage of atomic hydrogen vs. distance from dis- 

charge. 

more fortunate in our attempt. In Fig. 3 are shown the experimental 
values and smoothed curves for the variation of pressure along the re- 
combination tube for the conditions corresponding to sets 1-4 of Table I. 
The pressure values as read from these curves check within 0.5 to 3% the 
values given by the approximate formula of Smallwood, namely 

and justify the assumption of viscous flow in the gas stream. The follow- 
ing derivation of the differential equation for the rate of decrease of 
hydrogen atoms is chiefly that used by Steiner and Wicke,* modified to 
take account of the variation of pressure along the tube. In the experi- 
ments of Steiner and Wicke this variation was small (about 10yo) and 
consequently was neglected.loa 

Assuming the absence of a wall reaction the variation of the number 
of hydrogen atoms with time may result from the following three processes 
(1) by recombination in triple collision 

a[Hl (7) = -k~H12(IH1 + [Hz]) (3) 

(10a) For a criticism of the equation of continuity used by Steiner and Wicke see Amdur, Phys. 
Rev., 48, 208 (1933). 
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(2) by the streaming of atoms from the discharge tube 

where v, is the linear velocity (in centimeters per second) of the gas a t  the 
point x 

v, = no 
.rrY [Hz1 + 0.5[H1) ( 5 )  

(3) by diffusion of atoms 
3lHl ( )  = D div. grad. [HI 

Z (6) 

where D is the diffusion coefficient for atomic and molecular hydrogen. 

X, cm. 
Fig. 3.-Pressure variation along the recombination tube. 

Since the system represents a steady state in which (b[H]/bt) ,  = 0, we 
obtain from equations 3, 5 and 6 

d(V [HI) D div. grad. [HI - - k[H12([Hl 4- IHz1) = 0 bx (7) 

Assuming that the concentrations of atoms in a plane perpendicular to 
the tube ab at  any given point is essentially constant, Equation 7 takes the 
form 

D----  a2[H1 a(Vx[H1) k[HI2([H] + [&I) = 0 
ax2 ax (8) 
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In order to obtain the value of k from experimentally determined data 
Equation 8 must be integrated. This is not readily accomplished by 
the ordinary methods for solving differential equations. If, however, 
one uses the differential equation directly by substituting slopes1' deter- 
mined graphically from experimental curves, and neglects the term Db2 [HI/ 
dx2 (since its magnitude is only about times that of b(Vx[H]) /bx) ,  
the expression for k becomes 

Equation 9 assumes that the wall effect is absent and that hydrogen atoms 
and molecules are equally efficient third bodies. If only hydrogen mole- 
cules are considered as possible third bodies, the above expression becomes 

and for atoms as the only possible third bodies 

- 
~ ~ 1 3  

In the above expressions the concentrations of atoms and molecules in 
moles per cc. are given by the relations 

1332 P 
[HI + [Hz] = = P(5.42 X 

1332 P 2s P(5.42 X 10-8)20: [HI = ----- - = 
RT I + =  ( 1  + a) 

where P, taken from the curves of Fig. 3, is expressed in mm. The values 
of R and T are 8.32 X lo7 ergs per mole per degree and 296OK., respec- 
tively. Making the proper substitutions, Equations 9, 10 and 11 take the 
forms 

The units of the constants calculated in this manner are C C . ~  mole-2 set.-l- 
(11) The use of slopes is probably more accurate than Steiner and Wickers use of increments. 



TABLE I1 
SUMMARIZED VALUES OF REACTION VELOCITY CONSTANTS 

aa 

x G a P kl X 10-16 kt X 10-15 ks X 10-'6 

25 0.00527 0.868 0.358 16.8 238 18.1 
45 .00406 ,773 .338 17.4 136 20.0 
65 .00324 .702 ,316 18.9 108 22.9 

. 85 .00239 .647 ,292 19.6 91 24.9 
105 ,00175 .606 .262 21.4 87 28.4 

25 .00612 .808 .438 11.3 106 12.6 
45 .00556 .689 ,421 13.8 75 16.9 
65 .00480 .581 .399 17.2 65 23.4 
85 .00378 .494 .371 20.8 61 31.5 

105 .00202 .441 .342 16.6 43 27.1 
25 .0108 ,597 .617 10.5 42 14.0 
45 .00664 ,426 .603 10.8 26.8 18.0 
65 .00479 .316 .583 13.0 25.0 27.2 
85 .00285 .239 ,569 13.2 21.5 34.2 

105 .00180 .I94 .540 13.8 20.5 42.5 
25 .0118 .452 ,779 7.7 20.4 12.4 
45 .00580 .287 .769 7.6 13.7 17.1 
65 .00330 .I96 .754 8.6 12.8 26.2 
85 .00199 .I46 .737 9.1 12.2 35.7 

105 .00139 .I13 .716 10.9 13.7 53.6 

The constants in Table I1 were calculated for the reaction a t  23'. 
The accuracy of the experiments was limited by the reproducibility of 

results and the usual errors of calorimetry. Each of these sources i t  is 
estimated might contribute a maximum error of about 2%) making the 
combined effect about 4% a t  the most. The question as to whether all 
atoms collide with the catalyst12 is settled definitely by the Einstein- 
Smoluchowsky formula for the time required for a particle in the center of a 
tube of radius r to diffuse to the walls. The formula is 

where L is the mean free path under existing pressure conditions and c is 
the mean molecular velocity a t  the temperature in question. Substitu- 
tion of approximate values in the above expression shows that the time 
required for an atom in the flowing gas stream to hit the wall (or interior 
of the cylindrical catalyst) is small enough to insure complete recombina- 
tion of all the atoms on less than 4 mm. of catalyst, if the catalyst is per- 
fectly efficient. That such is actually the case was proved by Smallwood, 
who showed, in addition, that heat conduction from the discharge or 
transfer of energy by metastable molecules was negligibly small. 

Discussion 
The calorimetric method of measuring atomic hydrogen concentrations 

has been criticized by von Wartenberg and Schulze7 and Steiner and Wicke4 

(12) Steiner and Wicke (Ref. 4) seem to  feel that the calorimetric method yields low results. 



on the ground that the abrupt recombination of atoms on the catalyst 
produces a pressure drop which in turn causes a sudden diffusion of the 
gas mixture a t  the catalyst. Although these authors claimed that the 
effects of diffusion are sufficient to vitiate results obtained by the calorimet- 
ric method, they made no attempt to calculate or determine the magnitude 
of the effect. It might be pointed out, in addition, that due to a slight 
lag in the transfer of heat to the calorimeter the catalyst is somewhat 
warmer than the gas stream below it. This would tend to warm the gas 
and cause additional diffusion. In order to determine definitely the con- 
tribution of these diffusion effects, pressure measurements were made a t  
various points along the recombination tube with the discharge on, first 
with the catalyst present and then with the catalyst removed. It was 
found that the large linear velocities of the gas stream (9 to 12 meters per 
second) seem to overcome the pressure drops due to diffusion since pressures 
measured at  various points along the tube were independent of the posi- 
tion of the catalyst in the tube and did not change when the catalyst was 
removed. 

The presence of a wall reaction as a factor in the recombination of 
hydrogen atoms is still subject to question. Smallwood, using an ap- 
paratus whose walls were poisoned by water vapor introduced with the 
hydrogen, found that it was possible for the entire reaction to take place 
within lo-' cm. of the wall if the reaction were represented as second order 
with respect to hydrogen atoms, the wall itself being the third body. 
He decided against a first order wall reaction since this would require an 
adsorbed layer of atomic hydrogen on the tube walls in spite of the fact that 
the tubing had not been baked out previously and was constantly covered 
with a water layer. Von Wartenberg and Schulze found that atomic 
hydrogen is reflected from aqueous films, not adsorbed. Moreover, a 
monomolecular reaction would give a wall process with a rate lo5 times as 
great as the actual measured recombination rate. 

Senftleben and Riechemeier, on the other hand, found a first order wall 
reaction whose magnitude varied from experiment to experiment but was 
always quite small. Steiner and Wicke do not regard these results as 
conclusive since, due to extremely low percentages of atomic hydrogen (less 
than O.lyo), only the very end portion of the reaction was being investi- 
gated. The statement of Steiner and Wicke that the wall reaction is 
negligible is based on the constancy of their trimolecular rate constants with 
respect to time and pressure. They present evidence to the effect that a 
wall reaction, if it existed, should be monomolecular, making impossible 
the obtaining of good trimolecular constants for the gas phase reaction if an 
existing wall effect is neglected. An additional argument given by these 
authors is the reproducibility of results with a tube coated with either water 
vapor or sirupy phosphoric acid. 
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In the case of our experiments, i t  was found that water vapor was not 
effective in producing a catalytically inert tube. The catalytic activity in 
this case was thought to be due to traces of metal rubbed off the brass 
chain supporting the catalyst. Coating the tube with sirupy phosphoric 
acid and replacing the brass chain by a less corrosive German silver chain 
produced an apparatus in which reproducible results could be obtained 
when runs were not taken a t  too widely separated intervals. That a wall 
reaction is present nevertheless in this investigation is indicated by the 
drift of the constants. The contribution to the total rate, however, 
is probably small, inasmuch as the values of our constants do not differ 
materially from those of Steiner and Wicke, who used a recombination 
tube of much larger diameter. Furthermore, the values of our constants 
obtained from experiments in a tube coated with sirupy phosphoric acid 
are in good agreement with those of Smailwood obtained in a tube coated 
with water vapor. 

In regard to the gas phase reaction, the nature of the apparent rate 
constants in the present investigation indicates a more complicated 
mechanism than that proposed by Steiner and Wicke, who claim that only 
hydrogen molecules are significantly effective as third bodies in the reaction. 
Their statement is based on the fact that the rate constants for the reaction 
between two atoms and a molecule have values in all experiments of 
9 + 2 X 1015 C C . ~  mole-2 set.-I, while the rate constants for the reaction in 
which molecules and atoms are regarded as equally efficient third bodies 
vary considerably and show definite drifts. However, an inspection of 
the data of Steiner and Wicke indicates that their accuracy cannot be 
high, certain experimental points deviating by 70% from the smoothed 
curves drawn. Further uncertainty is introduced by the calibration of the 
intensity of the H, line, so that the calculated rate constants depend to 
some degree upon what seems to be an arbitrary selection of experimental 
values and the constancy found must be partly fortuitous. In  a recent 
theoretical article13 Steiner considers the homopolar valence binding forces 
acting between two hydrogen atoms and the probability of resonance inter- 
change between this atom pair and a hydrogen molecule, and concludes 
that this process could be mainly responsible for the combination of hydro- 
gen atoms, in agreement with the experimental results of Steiner and Wicke. 
Kimball14 has pointed out that there is an equally probable way in which 
this triple collision could take place, first a collision between a hydrogen 
atom and a hydrogen molecule followed by a collision with the second 
hydrogen atom. A kinetic study cannot distinguish between these two 
mechanisms since both are expressed formally by d(H)/dt = WK(H)~(H~) ;  
only the calculation of kinetic theory diameters is affected. 

That a triple collision of three hydrogen atoms leading to the forma- 
(13) Steiner, Z. physik. Chem., B16, 249 (1932). 
(14) Kimball, Tars JOURNAL, 54, 2396 (1932). 
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tion of a hydrogen molecule does not involve an energy of activation is 
indicated by Eyring's15 potential energy diagram for this system. Our 
results indicate that both types of triple collisions contribute to the forma- 
tion of hydrogen molecules. The constants for the reaction involving two 
atoms and a molecule, kz, tend to reach a constant value ordy in regions of 
high molecular (low atomic) hydrogen percentages, while the constants in- 
volving three atoms, k3, drift in the opposite direction. This is particularly 
noticeable in the runs where the atomic hydrogen percentage varied four- 
and six-fold (see Sets Nos. 3 and 4, Tables I and 111, indicating the pres- 
ence of two reactions, namely, collisions of two atoms and a molecule 
and collisions of three atoms, the former predominating a t  low atomic 
hydrogen percentages and the latter a t  high atomic hydrogen per- 
centages. The fact that the variation of k ~ ,  which involves equally 
efficient collisions of two atoms with either a third atom or a molecule, is 
less than that of kz or ks tends to confirm the presence of two reactions. 
These one to one efficiencies may be considerably varied (ratio of atom 
efficiency to molecule efficiency may be as small as one to four) without ap- 
preciably changing the values of kl .  One may conclude, therefore, that the 
results of this investigation cannot be represented by Steiner's mechanism 
alone since the best trimolecular constants are obtained only when the 
effects of both hydrogen atoms and molecules as third bodies are taken into 
account, an efficiency for molecules four times that for atoms being per- 
missible. 

Some measurements of the reaction velocity have been made in the 
temperature range 194 to 372OK. We hope to discuss these measure- 
ments in an article now in preparation. 

We wish to extend our sincere thanks to Professor A. E. Ruark of the 
Department of Physics, University of Pittsburgh, for his generous aid and 
advice offered throughout the course of this investigation. 

Summary 

1. Objections raised against the calorimetric method for determining 
percentages of atomic hydrogen in an atomie-molecular hydrogen gas 
mixture have been discussed. Diffusion due to the large pressure drop 
caused by recombination of atoms on the catalyst and by the heating 
of the gas stream by the warm catalyst seems to be minimized by the 
large linear velocities of the gas stream, since pressure measurements can- 
not detect the effects of such a diffusion. 

2. There is a possibility of the existence of a wall reaction in the re- 
combination of hydrogen atoms, but the facts that the rate constants for the 
reaction between three hydrogen atoms a t  high atomic hydrogen percent- 
ages do not vary greatly with pressure and that consistent results are ob- 

(15) Eyring, THIS JOURNAL., 6.3, 2537 (1931); Ckem. Rev., 10, 103 (1932). 
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tained in different apparatus under different conditions of the wall surface 
indicate that the contribution of the wall reaction to the total rate is small. 

3. Both atoms and molecules can act as third bodies with an allowable 
greater efficiency for molecules. 

[CONTRIBUTION NO. 38 FROM THE CHEMICAL LABORATORY O F  THE UNIVERSITY OF UTAH] 

Azeotropic Hydrobromic Acid Solutions at Pressures of 100 
Mm. to 1200 Mm. 

Some years ago we undertook as a part of the research program of this 
Laboratory a careful study of the boiling points, compositions, and densi- 
ties of the azeotropic or "constant-boiling" acid solutions. The present 
paper represents the second acid thus far studied, the data on hydrochloric 
acid having been already pub1ished.l 

Preparation of Hydrobromic Acid.-Two different methods were used 
in preparing the hydrobromic acid. The simpler was that of reduction 
of bromine by sulfur dioxide in the presence of sufficient water to give a 
solution of approximately constant boiling composition. This solution 
when freed of excess sulfur dioxide contained, of course, the equivalent 
amount of sulfuric acid, but the more volatile hydrobromic acid was 
readily removed from this by distillation. After this first distillation the 
HBr solution was treated with an excess of solid barium bromide and again 
distilled. The sulfate-free acid was then repeatedly redistilled, rejecting 
the first and the last portions, until a solution was obtained which was 
constant boiling a t  atmospheric pressure, and which also was free from 
any analytically significant impurity. In some cases we used bromine 
which we had carefully purified by the method of Baxterz while in other 
cases we used bromine of "reagent" quality, without further purification. 
The final acid solutions could not be distinguished. 

The second method of preparation of hydrogen bromide solutions was 
that of direct synthesis from the elements. The hydrogen bromide solu- 
tions prepared by this method were indistinguishable from those prepared 
by the simpler method. Most of our acid was consequently made by the 
first method. 

Preparation of Azeotropic Solutions.-The methods were much the 
same as those used previously for preparing constant boiling hydro- 
chloric acid.' Due, however, to the particularly corrosive character of 

(1) Bonner and Branting, T H I S  JOURNAL, 48, 2093 (1926); Bonner and Titus, ibid., 62, 633 (1930); 
Bonner and Wallace. ibid., 62, 1747 (1930). 

(2) Baxter, ibid., 98, 1325 (1906). 
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hydrobromic acid i t  was found necessary so to prepare the samples that 
neither the vapor nor the liquid acid came in contact with any material 
but glass. The apparatus consisted of a 250-cc. Claissen flask with a 
thermometer sealed into one neck. The other neck was left open for 
filling. The distilling arm which was on the closed neck of the flask was 
sealed to a condenser tube of 6 mm. internal diameter. This was con- 
nected to the 250-cc. receiver as well as to the pressure control apparatus 
by means of ground glass joints. The distilling flask rested in a hole 3 cm. 
in diameter in a heavy asbestos plate, and the double neck of the flask was 
heavily insulated by wrappings of asbestos cord. The pressure control 
apparatus and the barometer have already been described.l The samples 
were prepared a t  the uniform distillation rate of approximately 3 cc. per 
minute. A bundle of fine capillary tubes served to prevent bumping. 
When first we began studying these solutions we frequently found them 
colored markedly red. On distillation this red color would accumulate 
in the residue, where it could be shown to be due to the presence of iron. 
This we eliminated by filtering through absorbent cotton all air or other 
gas which went into the pressure control apparatus. To exclude the 
possibility of air oxidation of hydrogen bromide we prepared all the azeo- 
tropic solutions in an atmosphere of carbon dioxide. We have also pre- 
served our samples sealed under carbon dioxide. In preparing the ap- 
paratus for operation, about 200 cc. of hydrobromic acid solution, con- 
stant boiling a t  atmospheric pressure, was charged into the Claissen flask 
through the open neck. Connection was then made to the receiver and to 
the pressure control apparatus, and carbon dioxide (from a commercial 
cylinder) passed through the entire apparatus, until the air was well 
swept out. The open neck of the flask was then sealed off, and the 
desired pressure obtained, either by pumping out carbon dioxide, or by 
building up carbon dioxide pressure from the cylinder. This pressure 
having been established, the sample was boiled until about two-thirds of 
i t  had distilled over, the thermometer sealed in the neck of the flask in- 
dicating a steady boiling temperature. Distillation was then stopped, the 
receiver emptied, cleaned and dried, and the apparatus reassembled. 
After refilling the apparatus with carbon dioxide, and reestablishing the 
pressure, distillation was begun anew and continued until about one-half 
the remainder had distilled over. 

Analytical Methods.-The composition of the azeotropic solutions 
was determined gravimetrically, weighing the bromine as silver bromide. 
All usual precautions were taken, and all significant corrections applied. 
Densities were determined by use of a pycnometer, adjusted in a thermo- 
stat a t  25 * 0.05O. The volume of the pycnometer was 5.7865 cc. 

Boiling points were determined by means of the platinum resistance 
thermometer and boiling point apparatus previously described in the work 



on hydrochloric acid.l About 10 g. of platinum tetrahedra were used to 
facilitate boiling without bumping. 

Precision of Data.-The data presented on the composition of the 
constant boiling acids are in practically all cases means of the compositions 
of distillate and of residue. The maximum deviation from the mean is in 
general about 0.05% and in no case exceeds 0.1%. Correction to vacuum 
has not been made, as it falls outside this limit of precision. Calibrated 
weights were used, and any significant corrections applied. Densities as 
given are also the means of the densities of distillates and of residues. 
These have been corrected to vacuum, and for weight calibrations, and are 
reproducible to about 0.01%. The deviation between the densities of a 
distillate and of the corresponding residue was, however, generally greater 
than this, being a t  the most about 0.05%. This corresponds to a differ- 
ence in composition between distillate and residue of a t  most 0.1%. It has 
already been pointed out3 that density determinations constitute the most 
sensitive method of ascertaining whether a given distillate is really "con- 
stant boiling." 

Pressures were measurable to 0.5 mm. or less and reproducible to 1 mm. 
or less. Barometric readings have been constantly compared with those of 
the local Weather Bureau. The boiling points as given are reproducible to 
about 0.02". The data all are assembled in Table I. 

Pressure 
In mm. 

100 
200 
300 
400 
500 
600 
700 
800 
900 

1000 
1100 
1200 

TABLE I 
Density at  

25' 

1.5116 
1.5030 
1.4961 
1.4908 
1.4866 
1.4832 
1.4802 
1.4775 
1.4752 
1.4733 
1.4716 
1.4700 

Comp. in 
HBr 

49.80 
49.28 
4 8 . S  
48.47 
48.19 
47.95 
47.74 
47.56 
47.40 
47.27 
47.14 
47.03 

The data on constant boiling hydrobromic acid have been well sum- 
marized by Ewing and S h a d d ~ c k . ~  So far as we are aware, the data of 
Van Valkenberg and Bischof5 are the only ones which have appeared since. 
Unfortunately the data are not very consistent. ~ i s r e ~ a r d i n g  the older 
ones, those which have accumulated since 1923 are still not satisfactory, as 
the following exhibit shows. 

(3) Hulett and Bonner, THIS JOURNAL, 31, 391 (1909); Foulk and Hollingsworth, ihid.,  45, 1220 
(1923). 

(4) Ewing and Shadduck, ibid., 47, 1901 (1925). 
(5) Van Valkeuberg and Bibchof, J .  Colorado-Wyoming Acad. Sci., 1, 25 (1929). 



April, 1433 AZEOTROPIC HYDRORROMIC ACID SOLUTIONS 1409 

Boili~g point, Composition, 
Observer Pressure C. % HBr 

CarriPre and Cemeau6 760 mm. 126 47.5 
Ewing and Shadduck 760 mm. 125 47.79 
Bonner, Bonner and Gurney 760 mm. 124.3 47 63 

These represent the most precise data available for a pressure of 760 tnm. 
Those of Carriere and Cerveau cannot be regarded as of high precision as the 
composition was determined by titration. Ewing and Shadduck, on the 
other hand, made very careful gravimetric analyses, but apparently used 
no criterion to show that they were dealing with actually azeotropic solu- 
tions. The same criticism is to be made of Van Valkenberg and Bischof's 
data. Their work was done a t  pressures between 630 and 700 mm., but 
they neglected to check the composition of the residue to show that it was 
the same as that of the distillate. The four pressure-composition points 
reported by Van Valkenberg and Bischof do not fall on a smooth curve, 
and the best curve which can be drawn through them has a very much 
steeper slope than has our curve a t  any point. Their boiling points, how- 
ever, fall very close to our boiling point curve. 

We believe that our data are the most consistent yet presented on azeo- 
tropic hydrobromic acid solutions. They are not so precise as those avail- 
able on hydrochloric acid solutions. 
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(6) Carrisre and Cerveau, Cnmpt. rend., 177, 46 (1923). 
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The Photostationary States of Some Geometrically Isomeric 
Acids 

Over twenty years ago, Stoermerla showed that many pairs of stereo- 
isomers yield equilibrium mixtures on illumination with ultraviolet light. 
He showed further that in such a photochemical equilibrium the less stable 
form was present in the larger amount, thus proving that light does not 
act merely as a catalyst in hastening thermal equilibrium. The photo- 
stationary state of maleic-fumaric acids was studied in greater detail by 
Kailan.2 Using a quartz mercury arc without filters, he found that the 
steady state (about 75% maleic acid) was slightly affected by concentra- 
tion, but was not affected by the substitution of glass for quartz containers. 
This reaction was studied further by Warburg,3 who measured the quan- 
tum efficiencies of light a t  the wave lengths 2070, 2530 and 2820 A. 
Vaidya4 extended the range to 3130 W., and in addition determined the 
quantum efficiencies of light of tKs wave length for producing inversion of 
citraconic, o-coumaric, cinnamic and isocinnamic acids. Stoermer had 
found that solutions of mesaconic acid in methyl alcohol are scarcely 
changed into citraconic acid on illumination. Vaidya quotes this result, 
but does not say whether or not he tested i t  in aqueous solution. 

O l ~ o n , ~  in a theoretical paper, treated stationary states of this kind with 
the aid of potential energy diagrams. Figures 1 and 2 are taken from this 
paper. Figure 1 represents a plot of the potential energy of a molecule 
against the angle cp, through which one-half of a molecule is twisted relative 
to the other about the double bond as axis, starting with cp = 0 for the cis 
molecule. The lower curve is the type to be expected for an unexcited 
molecule. I t  is assumed that excitation removes an electron to such a 
distance that the effect of the double bond disappears. The upper curve is, 
then, the simplest type to be expected for an excited molecule. The 
height of the top above the trough of this curve is, then, the heat of the 
transition, when one molecule changes into the other. The shape of these 
curves is not known from experimental data, but for the purpose of this 
discussion of a simple case it was assumed that the upper curve had the 
equation 

V = A - k sin2 (q/2)  

With the above assumption regarding the potential in the upper state, 
the Schroedinger equation reduces to the ~ a t h i e u  equation, for which 

(1) Commonwealth Fellow, University of California. 
(la) Stoermer, Ber., 44, 637 (1911). 
(2) Kailan, Z. physik. Chem., 87, 333 (1914). 
(3) Warburg, Sitzb. preuss. Akad. Wiss., Physik.-math. Klasse. 33, 960 (1919). 
(4) Vaidya, Proc. Roy. Soc. (London), [A] 129, 299 (1930). 
(5) Olson, Trans. Faraday Sod., 27, 69 (1931). 
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solutions are known. One may then calculate the J/ function for a level 
such as BVB" in the upper state. If this is done, it is found that the 

R 

Fig. 1. 

probability (as measured by y P )  of finding the molecule in the upper state 
between the angles - - ~ / 2 ,  ~ / 2  is very much greater than that of finding it  
between n/2, 3a/2; that is, it is in the cis state for the greater part of the 

Temperature. 
Fig. 2. 

time. If this is repeated for various energy levels, one obtains a graph 
such as Fig. 2 for the ratio of cis to t ram to be expected at  the stationary 
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state a t  various temperatures. The same result is obtained, whether one 
considers the problem from the point of view of the Schroedinger equation 
for a torsional vibrator, or from that of a mechanical model. Thus, 
mechanically, this means that the fraction of the total time that a pendu- 
lum is in the region of high potential energy increases with the amplitude 
of the swing until the pendulum can make a complete revolution. If the 
energy of the pendulum is increased still further, the ratio of the velocity of 
the pendulum in the upper half of the revolution to that in the lower half 
of the revolution approaches unity and therefore the ratio of the times 
spent in these two configurations approaches unity. In this article no 
account was taken of differences in absorption coefficients of the two 
isomers, and so the conclusions applied only if the absorption coefficients 
were equal. 

We shall now discuss a quantity which will replace the ratio of the con- 
centrations in cases where the coefficients are not equal. Consider a thin 
slice dx of solutions of cis and trans acids, whose molecular absorption 
coefficients and concentrations are, respectively, a ~ ,  az, Cl, CZ. Suppose 
the slice is illuminated in the direction of x by monochromatic light of 
intensity J quanta per second over the area of the slice. We will define p 
as the mean probability that a molecule of either kind, which has absorbed 
a quantum, will return to the cis state on deactivation. Then 1 - p is 
the probability that it will return to the trans state. 

For this case Beer's law may be written 

The number of quanta absorbed in this slice is 
- d J  = J(o(l*Ci + arC2) dx 

The number returning to the cis state per second will be 
pJ(crl.Ci 3. az.Cz) dx 

At the steady state, this must be equal to the number of cis molecules 
absorbing in one second, which is 

J.cul.Cl dx 
J .L~I .CI  dx = pJ (ai.Ci + azeC2) d~ 

ffl.Cl = p(a,.C, + ff2.C~) 

Similarly for the trans molecules 
ff2.C~ = (1 - p ) ( ~ l ' C i  $ ffzC2) 

Further, suppose the quantum efficiencies of the two acids, expressed as 
molecules isomerized per quantum absorbed, are 01, 0 2 .  There will be 
formed per second O,-Jcul.Cl.dx molecules of trans from cis and 02.J.az.Cz.d~ 
molecules of cis acid from trans. At the steady state these must be equal. 
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The above equations define p in terms of experimental quantities and 
make no assumptions as to what actually happens in the upper state. We 
may now replace CI /C~  in Olson's paper by p / ( 1  - p) and apply the argu- 
ment to isomers, whatever the ratio of the absorption coefficients may be. 

Both al/al and p / ( 1  - p) may vary with wave length, so i t  is desirable 
that monochromatic light should be used. If continuous radiation is used, 
light of some frequencies may be almost completely absorbed in a very 
short distance (the first 0.3 mm.), while other frequencies will get farther 
into the solution. Thus, if there is no diffusion, one may well get a different 
photostationary composition in each layer. The actual result obtained 
will vary with the size and shape of the containing vessel and the time of 
exposure. Thus, a photostationary state measured with general illurnina- 
tion is devoid of any meaning. In the case of fumaric and maleic acids the 
absorption coefficients are nearly equal over the whole spectrum, so that  
here P / ( 1  - f i )  = CIIC2, and this difficulty does not arise. This probably 
explains why Kailan2 obtained the same photostationary state in quartz 
and glass vessels. In the other cases investigated, al/a2 varies rapidly 
with wave length, so filters were used to get the nearest possible approach 
to monochromatic light. 

Experimental 
Preparation of Materials.-The less stable of two stereoisomeric acids is usually 

much more soluble in common solvents than the more stable; hence, i t  is unreliable to 
purify maleic, citraconic, or cis-cinnamic acid merely by crystallization. Maleic acid, 
for example, is about a hundred times as soluble in water as fumaric, so repeated re- 
crystallization from water will produce a product containing one per cent. of fumaric 
acid. 

Fumaric acid from the laboratory supplies was purified by three crystallizations 
from hot water. The product melted at  285" in a sealed tube. Maleic acid was puri- 
fied by a method due to Terry and Eichelberger. It melted a t  134.5". As the value 
given in the literature is 131 ", the acid was again converted into the anhydride and the 
process repeated. I t  still melted a t  134.5", which appears to be the correct melting 
point. Vaidya4 also gives 134' as the melting point of his acid. 

Ordinary trans-cinnamic acid was recrystallized from hot water and melted a t  
133.4". Cis-cinnamic acid was made by a method due to Stoermer.6 The acid melted 
sharply a t  58.3'. A second preparation melted a t  67.8". According to Beilstein's 
"Handbuch der organischen Chemie," there are three different crystalline forms of cis- 
cinnamic acids, melting a t  42, 58 and 68". The last is the most stable, but all three are 
considered to be the same in solution. 

Kahlbaum's citraconic and mesaconic acids were used. They were purified in the 
same way as fumaric and maleic acids, except that the citraconic anhydride could not 
be crystallized and was distilled instead. 

Conductivity Measurements.-In the cases examined M/200 solutions of the cis 
acids have conductivities about twice as great as the corresponding solutions of the 
trans acids. Mixed solutions are therefore readily analyzed by means of their conduc- 
tivities. This method has been used by other investigators. The cell was kept in a 
water thermostat and connected to the rest of the circuit by twelve-foot leads, which 

(6) Stoermer, Bey. ,  42, 4866 (1909). 
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were shielded. With this circuit, a change in resistance of 4 parts in 10,000 could 
readily be measured. 

Two Pyrex conductivity cells were used, each holding about 6 cc. of solution and 
having platinum black electrodes about 1 cm. square and 0.5 cm. apart. To facilitate 
filling and emptying, two tubes were sealed on, provided with glass stoppers and bent 
in the same way as those on the absorption cell F, Fig. 3. The cells were standardized 
by means of decimolar potassium chloride, made up according to the method of Parker 
and Parker,' whose value for the specific conductivity was used. This was not an essen- 
tial part of the method, but was done so that the conductivities of the solutions might 
be compared with published values. 

The solutions were to be used a t  different temperatures, so that a definition of con- 
centration by volume was undesirable. They were therefore made up by weight. di- 
rectly in the Jena glass bottles in which they were kept. Conductivity water, distilled 
from alkaline permanganate, was used. 

Table I gives the values obtained for the molecular conductivities com- 
pared with those of other authors. For this the solutions were assumed 
to be 0.005 molar; the error produced by this is less than that of the un- 
calibrated instruments. 

- Molecular conductivities 
Rivett White 

Acid Molarity Obs. Vaidya4 Ostwalda Sidgwicko Jones10 Bjerrumll 

Fumaric 0.005 136 136 134 
Maleic ,005 294 287 288 288 
Mesaconic .005 122 126 123.5 117 
Citraconic .005 211 214 208 204 222 
T.-cinnamic .003 39.6 39.7 39 
C.-cinnamic .003 72.8 74 72.5 

Except for Vaidya's results, which were for the same concentrations as 
those used by us, the above figures were obtained by graphical interpola- 
tion. 

Measurement of Photostationary States.-The quantum efficiencies of the isomeric 
changes are low (see Table VIII), so it is not desirable to start with a pure acid and 
illuminate it until it reaches a steady state. The steady state is found by making up a 
mixture close to it in composition, filling a conductivity cell with part of it and illuminat- 
ing part. The change in the bridge reading on illumination may then be found. The 
quartz illumination cell held about 2 cc. more than the conductivity cells, so one of the 
latter could be filled with the exposed solution. The mixtures were made up from the 
stock solutions by means of calibrated burets. The change in bridge reading was plotted 
against the composition of the solution; when about three points were obtained on each 
side of zero change, a mean curve was drawn through them, the point of zero change 
giving the composition a t  the photostationary state. 

Volmarlg has stated that maleic, fumaric, citraconic and mesaconic acids are de- 

(7) Parker and Parker, THIS JOURNAL, 46, 312 (1924). 
(8) Ostwald, 2. physik. Chem., 3, 369 (1889). 
(9) Rivett and Sidgwick, J. Chem. Soc., 97, 1677 (1910). 

(10) White and Jones, Am. Chem. J., 44,  175 (1910). 
(11) Bjerrum, Ber., 43, 571 (19101. 
(12) Volmar, CompL rend., 181, 467 (1924). 
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composed by light with the evolution of carbon dioxide and the formation of acids of the 
acrylic acid series. This is denied by V a i d ~ a . ~  Oxalic, formic, lactic and several 
other acids are decomposed in a similar way, according t o  Pierce and Morey.13 It was 
desirable, therefore, to  see whether any such reaction took place t o  an extent sufficient 
to  interfere with determinations of the photostationary states. Mixtures of approxi- 
mately the same compositions as the photostationary mixtures were exposed a t  90° 
for two hours to  the unfiltered mercury arc radiation. After cooling, 5 cc. of the  solution 
was titrated with m/200 baryta water in a current of carbon dioxide-free air. No 
measurable change was detected for any of the acids used. Thus, any actual change 
must be less than 1% for this exposure, or less than 0.25% for half an hour's exposure, 
which was usually used in determinations This method would not show any reaction 
involving no change in the total acid concentration. 

Source of Light, Filters, etc. -A Cooper-Hewitt mercury arc was used in all experi- 
ments. To get the greatest possible intensity, i t  was backed by a bright aluminum 
reflector, calculated to  bring the light to  an approximate f:cus a t  the quartz cell. 

Two filters were used: a chlorine filter for the 2536 A. line, and a potassium chro- 
mate one for the two lines near 3130 A. The chlorine filter has been described by 
Oldenberg.14 A stout quartz bulb, 5.5 cm. in diameter, was sealed onto a graduated 
Pyrex tube, into which some liquid chlorine was distilled while it  was cooled in liquid 
air. The system was then evacuated and sealed off, and spectrograms taken with the 
chlorine a t  various pressures, controlled by altering the temperature of the  graduated 
tube. Four and one-half atmospheres was chosen as the best pressure. The  seal was 
broken and chlorine was distilled off until enough of the liquid remained t o  produce this 
pressure in the bulb. The chlorine was then condensed in the bulb, the air pumped off 
and the bulb sealed. As the vessel was not optically plane, it  was not possible t o  deter- 
mine its transmission experimentally, but this may be calculated approximately from 
the results of von Halban and Siedentopf .16 In  the course of some measurements of ab- 
sorption coefficients, to  be described later, spectrograms of the mercury arc  were taken 
with screens of different transmissions. From these the relative intensities of the  un- 
filtered 2650 and 2536 groups of lines were approximately computed as 1 : 1.9. These two 
lines are transmitted by the chlorine to the extent of 10 and 64%, respectively. B y  
multiplying the two ratios, we find the effective light transmitted by the filter is 92% of 
2536 and 8% of 2650. The only other light transmitted appreciably has a wave length 
greater than 4000 and no photochemical effect. These figures are very approximate, 
as the absorption of the irregular quartz surfaces is not taken into account. Also the 

'photographic effect of this light i s ~ o t  uniform. 
In  the neighborhood of 3100 A. the effect of light on a photographic plate is fairly 

uniform for different wave lengths. The transmission of the potassium chromate filter 
(made of 2.5 cm. of m/2000 K2Cr04) and the intensities of the lines transmitted are 
given in Table 11. They were determined by absorption measurements and may be 
taken as accurate within 5%. 

TABLE I1 
Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3341 3130 3020 2967 
Relative intensities. . . . . . . . . . . . . . . . . . . . . .  0.18 1.74 0.49 0.29 
Percentage of line transmitted by filter. ..... 6 . 0  43.7 21.6 6 . 0  
Relative amounts of energy transmitted. . . . .  1.2 85 11.9 1.9 

The arrangement used for the chlorine filter is shown in Fig. 3. The chlorine in  the 
bulb A is fitted into a Bakelite tube B, with rubber washers above and below. The  side 

(13) Pierce and Morey. THIS JOURNAL, 64, 467 (1932). 
(14) Oldenberg, 2. Pkysik,  29, 328 (1924). 
(15) Von Halban and Siedentopf, Z. physik. Chem., 103, 80 (1922) 
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tube on the bulb projects through a slot in B. The lower end of B is closed by a plane 
quartz window D, which is clamped down tightly onto a rubber washer by the Bakelite 
flange E. E is held on by nuts on three threaded brass rods (not shown in the figure), 
screwed tightly into B. The circular quartz cell F is 0.5 cm. thick and holds 8 cc. It 
is held, for convenience, between two brass flanges G, connected together with three 
screws. They have holes bored to fit the brass rods projecting from E, and are slipped 
over these and screwed on with wing nuts, so that the cell is about half a cm. below D. 
When a weakly absorbing solution was being used, F was backed by an aluminum re- 
flector, so as to double its effective length. The upper part of B has a flange resting on a 
metal support, by means of which the filter and cell are hung in a thermostat, so that 
cooling air could be circulated around A when runs were made above room temperature. 
Water was convenient for use in the thermostat, as it transmits ultraviolet light. At 
temperatures above 60 " it required continuous replenishing to balance evaporation. 

When the potassium chromate 
-5 em.+ filter was used, it was contained in a 

vessel similar to F, but 2.5 cm. thick. 
This was hung above F from the top 
of the thermostat by means of a wire 
frame. The box containing the mer- 
cury arc was brought immediately 
above the top of the thermostat. The 
temperature was controlled to one- 
tenth of a degree by a toluene-mer- 
cury regulator. 

Cinnamic acids have fairly high 
quantum efficiencies and readily gave 
results with both iilters With the 
other acids, however, the change was 

Fig. 3. very slow. Results with citraconic 
and mesaconic acids were obtained 

with the potassium chromate filter, but are approximate only to one or two per cent. 
Maleie and fumaric acids were investigated without any filters, 

The Measurement of Absorption Coefficients.-The absorption coefficients were 
measured by a photographic method which Mr. N. S. Bayliss has been using in this 
Laboratory in connection with another problem. Since the details of the method are to 
be published soon, it will suffice to note that by this method the accurate results of Hal- 
ban and Siedentopf on the absorption by chlorine were checked within 2%. 

The values obtained for the extinction coefficients are given in Tables I11 
and IV. I t  will be observed that the values of the ratio e cisle trans vary 
less than the values of the coefficients themselves. This may be due to the 
very rapid change of r with wave length, which rises as much as 1% per 
Angstrom unit. A small change in the setting of the microphotometer is 
then liable to cause a large change in the value obtained for E .  The starred 
values in the tables were obtained from extrapolations on the blackening 
curves, and are not reliable. 

Results for Photostationary States.-0.005 M solutions were used for 
maleic, fumaric, citraconic and mesaconic acids, and 0.003 M solutions for 
the two cinnamic acids. In the last case, readings could not be taken 
below 15O, as the trans-cinnamic acid crystallized. For fumaric and 



TABLF; I11 
EXTINCTION COEFFICIENTS 

Maleic, Fumaric, Citraconic, Mesaconic Acids 
Wave Thick. Conen., 
length, ness, mole per L~~ J 2 - t cis  

Plate A. cm. Acid liter J e c trans 

mal. 
fum. 
mal. 
fum. 
mal. 
fum. 

mal. 
fum. 
mal. 
fum. 
mal. 
fum. 
citrac. 
mesac. 
citrac. 
mesac. 
citrac. 
mesac. 

citrac. 
mesac. 
citrac. 
mesac. 
citrac. 
mesac. 

Wave t - mal. c citrac. 
length e fum. 6 mesac. 

The accompanying values of the ratio were taken as 3130 1 0.29 
averages 3020 0.93 0.22 

maleic acids, unfiltered light was used and the ratio of the absorption 
coefficients was taken as unity for the purpose of calculating transition 
probabilities. The results obtained for the ratio el/e2 were very near unity 
for the wave lengths used. 

Some explanation is required for the methods of calculation used in the 
other cases. We showed that there is no such thing as a definite, steady 
state when monochromatic light is not used. In our case filters were 
used, giving about goy0 monochromatic light. Some allowance has to  be 
made for the effect of the other 10%, and this cannot be calculated accu- 
rately. We showed that the effective light transmitted through the 
potassium chromate filter was 85% of 3130 A. and 12% of 3020, neglecting 
the other two components. One centimeter of a 50% mixture of the citra- 
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EXTINCTION COEFFICIENTS 

Cis- and Trans-cinnamic Acids 
Wave Thick- Concn., 
length, ness, mole per L~~ J -0 r cis 

Plate A. 
- 

cm. Acid liter J e trans 

cis 
trans 
cis 
trans 
cis 
trans 
cis 
trans 
cis 
trans 
cis 
trans 
cis 
trans 
cis 
trans 
cis 
trans 
cis 
trans 
cis 
trans 

Wave - r c i s  
length r trans 

T h e  accompanying values of t he  ratio were taken as averages 3130 0 .39  
3020 .22 
2650 .45 
2536 .83 

conic and mesaconic solutions used will absorb 2.5% of the 3130 light and 
4.1% of the 3020. The relative amounts of light actually absorbed are 
obtained by multiplying these by the relative strengths of the two lines 
above. These relative amounts come out to 3.5 and 1, respectively. 
The ratios of the extinction coefficients t l / ~  were 0.22 for 3020 and 0.29 for 
3130. The effective value will be somewhere between these two, and for a 
reasonable mean we take 

A similar method was used for calculating a mean value of el/@ for cin- 
namic acids, only in this case it was sufficient to assume that absorption was 
complete. The relative strengths of the two lines concerned are therefore 
used directly. 
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Thus, for the potassium chromate filter 

and for the chlorine filter 

The photostationary compositions and the probability ratios are sum- 
marized in Tables V, VI and VII, and are plotted in Figs. 4 and 5. 

TABLE V 

PHOTOSTATIONARY CONCENTRATIONS OF MALEIC AND FUMARIC ACIDS 

Unfiltered Radiation 
Percentage Percentage Maleic 9 

Temp., "C. maleic fumaric Fumaric 1 - 9  

0 71.4 28.6 2.49 2.49 
10 71.4 28.6 2.49 2.49 
30 69.3 30.7 2.26 2.26 
60 69.3 30.7 2.26 2.26 
90 69.6 30.4 2.29 2.29 

PHOTOSTATIONARY CONCENTRATIONS OF CITRACONIC AND MESACONIC ACIDS 

Potassium Chromate Filter 
Percentage Percentage %E??Ek P 

Temp., O C .  citraconic mesaconlc Mesaconic 1 - 9  

0 69 31 ' 2.2 0.59 
25 53 47 1.1 .30 
50 48 52 0.92 .25 
90 46 54 .85 .23 

TABLE VII 

PHOTOSTATIONARY CONCENTRATIONS OF CG- AND T~%S-CINNAMIC ACIDS 

Potassium Chromate Filter 
Percentage Percentage - cis P 

Temp., "C. C I S  trans trans 1 - P  

15 77.0 23.0 3.55 1.21 
50 77.3 22.7 3.40 1.22 
90 77.1 22.9 3.37 1.21 

Chlorine Filter 
15 54.2 45.8 1.18 0.95 
50 54.2 45.8 1.18 .95 
70 57.0 43.0 1.33 1.07 
80 60.0 40.0 1.50 1.21 
90 64.0 36.0 1.77 1.43 

Some quantum efficiencies from the results of Warburg3 and Vaidya4 

are given in Table VIII. Some of the values of P/(1 - 9) in the last 
column are calculated by comparing results from solutions of different 
concentrations and are not strictly valid. 



1420 A. R. OLSON AND F. LYTH HUDSON Vol. 55 

The Energy Changes Involved in 1somerization.-The energy change 
involved in the isomerization of an acid in dilute solution may be calculated 

3 .O 
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Temperature, OC. 
Fig. 4. 

from the heats of combustion and heats of solution. Not only do differ- 
ences between four quantities, two of them large, come in so that the final 
result may easily be in error by as much as 1000 calories, but the hydration 
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TABLE VIII 
QUANTUM EFFICIENCIES FROX OTHER SOURCES 

Concn of Concn. of 
acid. acid, 

Wave (cis) maleic (trans) fumaric $/(I - P) 
length m 71 m 7'1 = 72/71 

0.0102 0.0314 0.0102 0.102 3.25 
2070 .00514 ,0358 ,00306 .0764 2.14 

.0102 .0414 .0102 .0961 2.32 
2530 

.00514 ,0462 .00306 ,0829 1.80 
~8.n .0102 .0297 ,0102 .I291 4.35 
Y Y" 

.00514 ,0308 ,00306 .0983 3.06 

.010 "048 .01 .I18 2.46 
3130 .005 .0525 .005 .083 1.58 

Mean value 2.62 

Author 

w. 
W. 
W. 
w. 
W. 
W. 
V. 
v. 

energies may be changed on activation so that in the citraconic-mesaconic 
case we do not know which isomer is the more stable. Thus AH in solution 
for the reaction cis --+ t r a m  is -400 cal. for this case. For maleic -+ 
fumaric acid it is about -5000 cal. 

Another datum of interest is the activation energy of maleic acid which 
HojendahllG gives as 15,800 calories. This value was obtained from the 
rate of thermal isomerization, and was checked by the absorption spectrum 
of molten maleic acid. This will give us some idea of the order of magni- 
tude of activation energy to be expected in solution. 

Mean heats Heats of 
of isom- Heats of Isom- 
erization solution erization 
(solids) AH for (solution) 

Heats of combustion AH for acid = AH for 
for acid = COe + Hz0 cis -+ $runs acid (aq.) cis -+ trans 

Source Beilstein Beilstein 
Author Luginin Stohman and Kleber 

Citraconic -483,522 -480,000 -479,700 
Mesaconic -479,100 -477,500 -477,200 
Diff. - 4,422 - 2,500 - 2,500 -3100 

AH AH 

Maleic -327,480 -326,300 
Fumaric -319,278 -320,100 
Diff. - 6,202 - 6,200 - 6200 

I. C. T. 
Gal and 
Werner 

C.-cinnamic - 1,047,000 
T.-cinnamic - 1,041,000 
Diff. - 6,000 -6000 

(16) HGjendahl, J .  physik.  Chcm.. 28, 758 (1924). 
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Discussion 

A stationary state with aqueous solutions of mesaconic and citraconic 
acids has not been reported previously. Stoermerl and Vaidya4 each 
report no change, but Vaidya seems to have assumed that Stoermer's 
result for alcoholic solutions would apply to aqueous ones, since he does 
not describe any experiment to confirm this. 

Fig. 6. 

The absorption of a quantum of light of wave length 300 will produce an 
activation of about 95,000 calories per mole. If we assume from Hojen- 
dahl's result for the activation energy of maleic acid that 16,000 calories 
above the normal cis state gives the height of the potential energy humps 
for unactivated acids, then our energy diagram will be like that in Fig. 6. 
The upper state will be some sort of potential energy curve a long way 
above the maxima for the lower curve. 

We can now discuss possible shapes for this upper curve. At 300°K., 
the energy per degree of freedom per mole is l/z RT, or about 300 calories. 
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Thus, an average trans molecule will be oscillating along DD' and a cis 
molecule along B'B in the normal state. When they first reach the upper 
state, they will therefore be oscillating along NN' and MM', respectively. 

Now consider the type of curve in Fig. 7 (i). This is the V = A - 
klsin2p/2 type, described in the introduction. For cinnamic and fumaric 
and maleic acids, we may expect AA' to be about 5000 calories above E. 
The activated cis and trans molecules will be oscillating along BB' and 
DD'. The point of temperature equilibrium is only 600 calories above E, 
very near to DD'; therefore, no activated trans molecules a t  ali will be 
expected to oscillate above CC', which will be necessary if any cis is to be 
formed. This potential curve, then, will not fit in with any of the results. 

0 K 

Fig. 7. 

Now consider Fig. 7 (ii). On acquiring temperature equilibrium, a 
molecule will oscillate along HH'. We cannot calculate the $ function 
exactly for such a level; all we know from the Schroedinger equation is that 

Thus, when (E - V) is small, i. e., a t  H and H', either $ is large, or its cur- 
vature is small. A probable type of curve for $ is dotted in. Thus, with a 
potential curve of this sort, any ratio of cis to trans may be produced. 
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depending on the position of HH' and the steepness of the potential curve. 
A potential curve of this sort would be expected if the repulsion of the 
larger groups falls off very rapidly with distance, and if the hydrogen and 
carboxyl groups (hydrogen and phenyl also in the case of cinnamic acid) 
exercise no repulsive effect on each other. 

If these groups do have steric effects on each other, we shall have a 
curve of the type in Fig. 7 (iii). There will be two minima, corresponding 
to configurations which are mirror images, somewhere between the cis and 
trans positions. An activated trans molecule will vibrate along ST or S'T'. 
Thus, i t  will be possible for i t  to change over to cis without coming to 
thermal equilibrium a t  all. 

An activated cis molecule, vibrating along QQ', will have very little 
chance of becoming a trans molecule on deactivation, unless it loses thermal 
energy, and vibrates along some path 5"T". I t  would do this after a very 
few collisions, for its energy is so much higher than the average. With this 
energy curve, then, we may expect any distribution of the two acids, de- 
pending on the magnitude of the subsidiary maximum and the positions 
of the two minima. There does not, then, appear to be much to choose 
between (ii) and (iii) except that in (ii) we shall require a longer life in the 
activated state, so that the tretns molecule may acquire thermal equi- 
librium. In the case of fumaric and maleic acids, the quantum efficiencies 
are low, i. e., most molecules return to their original states on deactivation. 
This suggests that the time of activation is so short that the activated 
molecules may not have time to reach thermal equilibrium.17 

BERKELEY, CALIFORNIA RECEIVED OCTOBER 17, 1932 
PUBLISHED APRIL 6, 1933 

(17) Just before this article was submitted for publication, my attention was called to a paper by 
Mulliken [Phys.  Rev., 41, 751 (1932)], in which he concludes that Fig. 7(iii) represents the potential func- 
tion for the excited molecule. However, he states that I did not consider this possibility in my earlier 
paper. In  that paper I wrote "nor have we been concerned with the more complicated potential func- 
tions for the possible motion which we have discussed. Such departures from simple functions doubt- 
less do occur even for the simplest molecules." I wished merely to  postpone such considerations until 
enough experimental data were available to  make such a discussion profitable.-A. R. OLSON. 



April, 1933 CRYSTALLIZATION VELOCITY AND MOLECULAR STRUCTURE 1425 

The Dependence of Crystallization Velocity on Molecular 
Structure1 

Introduction 
In discussing the formation of an ordered array of molecules, such as a 

crystal lattice, from a chaotic phase, such as a liquid or gas, one has to 
consider not only the mass and velocity of the components of the chaotic 
phase but their shape as well. Up to the present time there has been very 
little known about the influence of molecular structure or shape on crys- 
tallization. The experiments described in this paper were undertaken in 
the hope of obtaining some information along these lines. They deal with 
linear crystallization velocity, which is the rate at  which an interface be- 
tween the solid and liquid phases proceeds along a tube filled with the 
melted substance. 

Because of the essentially planar structure of benzene and its simple 
derivatives3 and the increased ease of interpretation of results, several 
series of di- and trisubstituted benzenes were chosen for study. In  addi- 
tion, a few phenylated hydrocarbons and substituted naphthalenes were 
measured in order to ensure generality. 

Experimental 
I. Purification of Materials 

I n  most cases the most convenient and efficient method of purification was recrys- 
tallization. Depending on the condition of the original samples, four to seven recrys- 
tallizations were made. The purified samples were then dried for a minimum period of 
a week in vacuum desiccators, evacuated with a Cenco pump. 

A few compounds were distilled a t  reduced pressure through a still with a two and a 
half foot column, a middle cut being taken from the Eat boiling fraction. 

11. Apparatus and Method 
Glass capillaries, obtained from the Corning Glass Company, served as crystalliza- 

tion tubes. The approximate dimensions of these were: length, 75 cm. ; inside diameter, 
1 to 2 mm.; wall thickness, 0.3 to 0.5 mm. The capillaries were cleaned by keeping in 
chromic acid for several days, then washing with water and ethyl alcohol. They were 
dried by heating evenly with a small gas flame while a current of nitrogen, previously 
dried by sulfuric acid (sp. gr. 1.84), was passed through them for fifteen minutes. 

The small test-tubes for melting were cleaned with chromic acid, water and alcohol, 
plugged with cotton and dried in an oven a t  110 O for three hours. 

The observation tube was made of Pyrex glass tubing, 2 cm. in diameter and 65 
em. long. By means of two side arms it was connected through small copper tubing, 
well insulated with asbestos, to a small rotary pump and the reservoirs for the bath 

(1) From the Dissertation of Maurice E. Krahl submitted to the Board of University Studies of 
The Johns Hopkins University in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy, June, 1932. 

(2) Eli Lilly and Co, Fellow in Chemistry. 
(3) Wierl, Ann. Physik, 8, 621 (1931). 



liquid. The bath liquid was heated or cooled in the reservoirs to  the temperature de- 
sired and pumped through the observation tube a t  a rate of approximately one liter per 
minute. The temperature was measured by means of a thermometer suspended in the 
observation tube. At intervals of ten centimeters along this observation tube fine lines 
were etched with hydrofluoric acid solution. To aid in accuracy of reading, the lines 
were made in pairs as two opposite segments of a circle around the tube. A total range 
of 50 cm. was available for the crystallization. 

The heating tube, for melting the contents of the filled capillaries, was made from 
Pyrex glass tubing 1 cm. in diameter and 65 cm. long. This was wound evenly with a 
nichrome coil of suitable resistance. 

A pentane thermometer, range -200 to  50°, was used for all temperatures below 
0". For the higher temperatures three mercury-filled thermometers were used inter- 
changeably. These were checked against a Bureau of Standards thermometer. 

Because of the wide range of temperature, i t  was necessary to  have three different 
bath liquids a t  various times during the investigation. These were used as  follows: 
below 0 ", 95% alcohol; 0 to 75 O, water; above 75 ", a colorless, transparent mineral oil 
sold commercially as "Oilax." The quantity of bath liquid and regulation was such that 
the maximum temperature fluctuation during the course of a single reading was 0.2O 
for water, 0.5" with alcohol and 0.5" with oil. 

The timing was done with two Meylan stop watches. One was checked by the 
Meylan Watch Company before this investigation; the other was checked against the 
first. 

Thc procedure in measurement may be described very simply. The material for 
crystallization was melted in a small test-tube and drawn into the capillary by suction. 
The ends of the capillary were then sealed off. If the material melted above room tem- 
perature, it  was necessary to suspend the heating tube directly above the observation 
tube and to remelt the contents of the filled capillary, leaving a small amount of solid in 
the bottom for seeding. The capillary was then dropped into the observation tube, and, 
as the crystallization occurred from the seed a t  the bottom, a record was made of the 
time required for the solid-liquid interface to  proceed between any two marks on the 
observation tube. Preliminary measurements showed that  the direction of the growth 
UD or down the tube did not affect the rate. 

I n  measuring compounds with comparatively low rates, it  was found by making 
duplicate successive determinations with two watches that a constant rate was reached 
by the time the growth interface was opposite the lowest mark on the observation tube. 
I n  more rapid crystallizations a constant rate was attained only after the growth had 
proceeded to a mark 10 or even 20 cm. from the bottom of the capillary. This point 
was determined for each individual substance and subsequent measurements made 
accordingly. 

111. Data and Results 

Preliminary Experiments.-A series of fifty-one observations with 
nine different capillary tubes, varying in outside diameter from one to two 
millimeters, showed that capillary size, number of remeltings, temperature 
of melting and time of aging did not affect the crystallization velocity of 
benzophenone by more than the experimental error of one per cent. It 
was essential that this be known to ensure reproducibility of later measure- 
ments. 

Temperature Dependence of the Crystallization Velocity.-The actual 
form of the curve obtained when the crystallization velocity is plotted 
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against supercooling is shown in Fig. 1, which gives the experimental 
results for m-dihydroxybenzene. The particular curve given here is 
typical of the curves for the other substances whose maximum velocities 
are given in Tables I and 11. 

Supercooling. 
Fig. 1. 

Linear Crystallization Velocities of Some Substituted Benzenes and 
Phenyl Substituted Hydrocarbons.-The experimentally determined 
velocities for a few simple di- and trisubstituted benzenes, and for some 
phenyl substituted methanes, ethanes and ethylenes are given in Table I. 

Compound 

m-Dinitrobenzene 
p-Dinitrobenzene 
o-Bromobenzoic acid 
m-Bromobenzoic acid 
m-Bromoaniline 
p-Bromoaniline 
Diphenyl 
Diphenylmethane 
Triphenylmethane 
1,2-Diphenylethylene 
1,l-Diphenylethylene 
1,2-Diphenylethane 
1.1-Diphenylethane 
l.l,l-Triphenylethane 
1,1,2-Triphenylethane 

TABLE 1 

M. p., 'C. 

-17.6 
-24.8 

52.9 
87.3 
17.0 
63.4 

119.6 
104.0 
116.0 
169.0 
103.8 
140.0 
89.7 

172.1 
148.0 
153 .0  
18.5 
66.4 
69 .0 
25.2 
93.1 

123.9 
8.2 

50.8 
-25.9 

94.3 
48.0 

Maximum velocity, 
meters per minute 

2 .2  
0.70 

25 
7 . 5  
0.025 
7 
2 .4  
1 .7  
0.40 
6 . 3  
7 

10 
6 

15 
0.80 
0.255 
0.048 
1.6 
7 .5  
0.53 
0.027 
2 
0.016 
0.70 

Less than 0.001 
0.08 

Less than 0.001 



The number of significant figures in the values of the velocities is that 
justified by the accuracy of the measurement. A T  is the range of super- 
cooling, expressed in degrees below the melting point, in which the maxi- 
mum velocity was maintained. The width of this region varies because a t  
great supercooling the rate of spontaneous nuclei formation became too 
great to permit linear velocity measurements. In cases where this pre- 
vented a constant maximum being reached, only one temperature is given. 

Linear Crystallization Velocities of Some Substituted Naphthalenes.- 
The number of substituted naphthalenes which can be measured is limited 
by two factors, the high melting points and the difficulty of purification of 
such compounds. Results with a few of the most usable compounds are 
given in Table 11. 

TABLE I1 
Maximum velocity, 

Compound M. p., "2. A T  merers per minute 

a-Naphthol 96.0 44 0.275 
0-Naphthol 122.0 53 6 
a-Chloronaphthalene - 26.1 27-38 0.029 
a-Iodonaphthalene 4 .2  11-16 .001 
P-Iodonaphthalene 54.0 7 .30 

The values for 0-chloronaphthalene, which have not been included, and 
for p-iodonaphthalene are of doubtful value because of the extremely 
short range of supercooling which was permitted by the rapid spontaneous 
nuclei formation. 

Discussion and Conclusions 

The crystallization velocities given in Tables I and I1 are additions to 
and corrections of those previously r e p ~ r t e d . ~  

Since the dependence of the crystallization velocity on temperature has 
been discussed by Tarnmanr~,~ no further mention of it need be made here. 

From Tables I and I1 the generality of the effect of molecular structure 
on crystallization rates is apparent. Of the isomeric disubstituted ben- 
zenes, the order of decreasing velocity in each series is para, ortho, meta. 
For the trisubstituted chlorobenzenes the symmetrical 1,3,5 isomer has a 
much greater velocity than the 1,2,4. Similarly, the 1,2 disubstituted 
ethylenes and ethanes crystallize much faster than the less symmetrical 1,l 
isomers. From the evidence thus far available, it appears that the p-mono 
substituted naphthalenes crystallize faster than the isomeric a-compounds. 

It appears from these experimental results that there exists a relationship 
between crystallization velocity and molecular symmetry. Before this 
relationship can be made a definite one, all of the properties of the liquid 
and crystal states which influence crystallization velocity must be con- 
sidered. 

(4) Krahl, THIS JOURNAL, 54, 1256 (1932). 
( 5 )  Tammann. "Aggregatzustande," Leipzig, 1922. pp. 247-272. 
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By taking account of the probable form of the molecules, as well as the 
properties referred to above, an explanation has been found for the varia- 
tions in velocity which are shown experimentally. In order that  this 
explanation may be shown to be valid for all crystallization processes, 
whether from liquid or vapor, it is necessary to have further experimental 
evidence concerning the structure of the molecules of the substances whose 
crystallization velocities have been measured. To this end, x-ray investi- 
gations of interatomic distances are now being carried out in this Labora- 
tory for a number of compounds in the gaseous state. As soon as this 
final point has been definitely established, the explanation referred to 
above for the effect of molecular symmetry on crystallization rates will be 
published. 

The author wishes to thank Professor D. H. Andrews for his helpful 
advice and criticism during the course of this work. He is also indebted to 
Dr. Emil Ott for much valuable advice in respect to the conclusions to be 
drawn from the experiments. He wishes also to acknowledge his indebted- 
ness to Eli Lilly and Company for a fellowship granted to him under the 
State Fellowship Plan. 

Summary 

1. The linear velocities of crystallization have been measured for thirty- 
four compounds of related molecular structure. The results bear out the 
hypothesis that, of a series of isomers, the most symmetrical compound 
crystallizes fastest. 

2 .  I t  has been shown that the temperature and time of melting, the 
number of remeltings and the time of aging of the melt do not affect the 
crystallization rate. 

BALTIMORE, MARYLAND RECEIVED OCTOBER 18, 1932 
PUBLISHED APRIL 6, 1933 



The Crystal Structure of Ortho-Iodobenzoic Acid 

x-Ray analysis of organic crystals usually leads no farther than to the 
determination of a possible unit cell and the space group. Occasionally it 
is possible to probe a bit more deeply into the arrangement in the cell. In 
these cases the results are of interest for stereochemical considerations of the 
molecule and the molecular arrangement within the cell. It seems worth 
while a t  this time to report the results of the study of o-iodobenzoic acid, 
which has led to the determination of the positions of the iodine atoms in the 
cell. 

Grothl gives the following data for this monoclinic crystal : a :  b :c = 
0.7964:1:0.2880, /3 = 110' 25.5'; m. p. 161'; sp. gr. 2.249. The material 
used in this investigation was Eastman Kodak Company chemically pure 
product further purified by two vacuum sublimations. The resulting 
product was colorless and melted a t  161.6-162.0°. The crystals used were 
grown from ether or from a mixture of equal parts of ethyl and isoamyl 
acetates. These were needles along the c axis with the prism faces (110) 
developed. Small end faces (011) and (101) were also present. The 
structure analysis was made by means of powder, Laue and oscillation 
photographs. 

The Unit of Structure.-Powder photographs2 were taken with 
Mo K, radiation, using sodium chloride as a standard. These were ana- 
lyzed by the usual methods, and required a 4-molecule cell to account for 
all the lines. 

Laue photographs2 were taken with the incident beam of x-rays nearly 
perpendicular to (OlO), (1 lo), and inclined a t  an angle of approximately 
20° to the normal to (110). The short wave length limit of the incident 
beam (from a tungsten target) was 0.31 A. The assumption of a 4-mole- 
cule cell gave nX values down to 0.31 A. but not below. As in the case of 
m-iodobenzoic acid,3 the strongly absorbing iodine absorbed all wave 
lengths between its critical absorption limit 0.37 If., and the short wave 
length limit, 0.31 A., except in the case of a very few spots. Thus most of 
the first-order spots had an nX value between 0.37 If. and 0.48 A. 

Oscillation photographs were taken with Mo K, radiation using a cylin- 
drical film, the crystal being oscillated through 15' about a crystallographic 
axis in each case. These were indexed by Bernal's graphic m e t h ~ d , ~  
and the fundamental translations of the unit cell were calculated by the 

(1) Groth, "Chemische Kristallographie," Engelmann, Leipzig, 1906, Vol. IV, p. 465. 
(2) These photographs were taken at Ohio State University, Columbus, Ohio, in 19261927 while 

the author was a graduate student there. 
(3) Klug, Mack and Blake, Tars JOURNAL, 51, 2882 (1929). 
(4) Bernal, Proc. Roy. Soc. (London), 8118, 117 (1927). 
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Polanyi formula from careful measurements of the layer lines. The dimen- 
sions of the unit cell are 

a o = 1 1 . 7 1 A .  bo=15 .17& co=4.336A.  /3=110°28 .5 '  

The axial ratios calculated from these data are a: b:c = 0.7719: 1.0.2863, in 
good agreement with the crystallographer's values above. 

The Laue photograph with the incident beam perpendicular to (010) 
showed two pseudo planes of symmetry almost at  right angles to each other. 
Because of this pseudo-orthorhombic nature a more desirable cell can be 
formed by making the short diagonal of the projection of (OiOj, based on 
Groth's axial ratios, the (001) of a new cell. The dimensions of the new 
4-molecule cell are (calculated from x-ray data) 

a0 = 11.30 A. bo = 15.17 A. co = 4.336 A. /3 = 90' 43' 47" 

These lead to the new axial ratios a:b:c = 0.7450:1:0.2863 with /3 = 90' 
43' 47". Oscillation photograph No. 5 about Groth's a axis confirmed the 
desirability of the new choice of cell. I t  is also in keeping with the crys- 
tallographic custom of choosing the axes so as to make angle @ as nearly 
90' as possible. The end faces on the crystal designated (101) and (011) 
by Groth now become (001) and ( i l l ) ,  respectively, with the new set of 
axes. All photographs were analyzed on the basis of the new axes, and all 
indices in this paper refer to the cell based on these axes. 

The Space Group.-The space group determination was based on the 
data from the Laue photographs. Since first-order Laue reflections were 
observed from all types of pyramidal planes the space group is based on the 
simple monoclinic lattice I',. All types of prism planes were found to be 
present in the first-order (Table I) except (h01) when h is odd, and (OkZ) 
when k is odd. The latter has no significance from a space group stand- 
point in the monoclinic system, but indicates a pseudo-glide plane parallel 
to (100) with a translation of b/2. Actually the reflections (Oil), (031) and 

TABLE I 

FIRST-ORDER PRISM REFLECTIONS ON LAUE PHOTOGRAPHS 

Photograph No. 2 Photograph No. 3 
Planes reflecting Planes not reflecting Planes reflecting Planes not reflecting 
(hkl) nX (hkl) nX (hkl) nh (hkl) nX 

405 0.45 10% 0.46 20% 0 . 5 6  504 0 .39  
203 .44 103 .40 403 .55" 704 .49 
023 .43 304 .53" 069 .52" 503 .5Sa 
043 .46 303 -37 430 .48 304 .44 
390 - .39 305 .37 730 .34 703 .48 
570 .39 506 .39 850 - .44 706 .38 

- 370 .42 560 .41 
9 .10 .0  .46 17.3.0 .38 
4 .11 .0  - .44 17.9.0 .48 
5 .16 .0  .40 

" The short wave length limit in the case of these photographs was known to be a t  
0.31 A. 



(032) were observed on oscillation photographs, showing that the approxi- 
mation to an arrangement requiring (Okl) absent when k is odd, while close, 
is not complete. Since all of the (h01) planes with h odd listed in Table I 
were in a position to reflect in the first order on some one of the Laue photo- 
graphs, but failed to, their absence has been assumed to be a legitimate 
space group absence. 

One other absence occurs on oscillation photograph No. 2. All odd 
orders of (OkO) are absent, while (020), (040), (060) and (080) are present. 
The only monoclinic space group requiring the observed absences is C~J,  
which, therefore, has been accepted as the correct one. All data from the 
various types of photographs are in agreement with this choice. 

Atomic and Molecular Arrangement in the Cell.-For small orders of 
reflection in the case of a compound like o-iodobenzoic acid, the benzene 
rings no doubt contribute very little to the intensities because of their 
large self-interference. Thus the intensities observed are due largely to 
the scattering of the heavy iodine atoms which make up more than half the 
weight of the molecules. By neglecting the carbon, hydrogen and oxygen 
atoms, and assuming the intensities to be due entirely to the iodine atoms, 
it is possible to locate the positions of the iodine atoms reasonably ac- 
curately. 

In space group Cih the four iodine atoms could all be equivalent, or 
they might be divided into two sets of two equivalent atoms. The latter 
case places the iodine atoms in centers of symmetry. The observation on 
oscillation photograph No. 3 of (400) > (200) rules this out. I t  is also 
chemically improbable that the iodine atoms would occupy these centers 
of symmetry. The iodine atoms are located, therefore, in the four general 
positions. Wyckoff's5 coordinates for these positions (interchanging his 
b and c indices to make the coordinates agree with the choice of axes used 
in this paper) are 

jcyz; 4 - x ,  y + +, s; x + a, 2 - y, 2 ;  zya: 
The oscillation photographs furnish data for evaluating these parameters 
with fair accuracy. 

In this case, neglecting extinction, a quantity proportional to the in- 
tegrated intensity of reflection of the Mo K, line from a plane (hkl) is S2, 
where 

s = (1 + ~ j ~ ~ ~ i i ( * x ~  + byn + 1z.1 
2  sin 2 0  1~ 

in which f, is the usual atomic scattering factor for the nth atom. The f 
value for iodine used in this paper was obtained from Pauling and Sher- 
man's recent paper."pproximate values for each of the parameters 
were determined from the appropriate set of pinacoid reflections by cal- 

(5) Wyckoff, "The Analytical Expression of the Results of the Theory of Space-Groups," Carnegie 
Institution Publication No. 318. Washington. 1922, p. 51. 

(6) Pauling and Sherman, Z. Krist . ,  81, 27 (1932). 
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culating S2 values and comparing them with the observed intensities 
visually estimated. The curves in Fig. 1 show that the observed intensi- 
ties, (400) > (200) > (600) > (800), (060) > (020)=(040) > (OSO), and 
(001) > (002) > (003), are approximately satisfied by the following 

The various combinations of the above parameters narrow down to four 
lion-identical cases to be considered : 

To determine the correct set of x and y parameters, values of S2 for a set 
of (hk0) planes were calculated for the four combinations above, and for 
small deviations from the values listed in the combinations, and com- 
pared with the observed intensities (Table 11). The best values were 
found to be x = 0.14 and y = 0.08. The value for z was found to be close 

TABLE I1 

INTENSITY DATA FROM PINACOID AND PRISM REFLECTIONS ON OSCILLATION PHOTO- 
GRAPHS 

(S2 based on the final parameter values; x = 0.14, y = 0.08 and z = 0.02) 

Piilacoid Reflections 
Photograph No. 2 Photograph No. 3 Photograph No. 4 

(hkl) I .S2/5000 (hkl) I S2/5000 (hkl) I S'/15000 

020 6 11.0 200 5 5 001 6 13 
040 6 3.0 400 8 20 002 4 4 
060 8 8.5 600 4 6 003 2 2 
080 3 2 0  SO0 2 2 

Prism Reflections 
A. (hkO) Photo. No. 3 

(hk l )  I S2/5000 

310 8 19.8 
420 5 4.6 
510 1 1 . 0  
520 5 8.8 
620 1 0 . 8  
630 5 6 .6  
720 1 0 . 1  
730 1 .03 
740 1 .1  
750 1 3 .7  
830 2 2.4 
840 1 0 . 5  
850 2 .7 
860 2 2 2  
940 1 3 0  

B .  (Okl) Photo. No. 4 
(hkl) I S 2/5000  

011 5 0.2 
021 9 10.2 
022 3 3 . 5  
023 4 1 .6  
031 '/2 0.4 
032 '/lo 0.7  
041 2 3 . 8 
042 6 1 . S  

C. (h01) Photo. No. 3 
(hkl) I S2/5000 
- 
201 2 0 .1  - 
401 7 14.7 - 
601 3 1.6 - 
801 1 3.4 
201 7 3 .0  
401 7 12.2 
601 5 3 .7  
801 2 2.1 





April, 1933 THE CRYSTAL STRUCTURE OF 0-IODOBENZOIC ACID 1435 

to 0.02 by calculating values of S2 for sets of (h01) and (OkZ) planes and com- 
paring with observed intensities (Table 11). 

It must be remembered that complete agreement is not to be expected 
between the calculated and observed intensities in this analysis, since the 
effect of the carbon and oxygen 
atoms has been neglected en- 
tirely. Inasmuch as a change 
of a very few hundredths in the 
values of the paraineters de- 
stroys the qualitative agree- 
ment, the results may be ac- 
cepted with considerable faith. 

Figure 2-A is a projection on 
(001) parallel to the c axis. The 
positions of the iodine atoms are 
represented by the circles. The 
closest distance of approach be- 
tween the two iodine atoms (its - 
projection is indicated on the 
drawing by 1) was calculated to 
be 3.99 A. The next closest 
approach between two iodine 
atoms is along the c axis, and 
is equal to co = 4.34 A. B ~ t h  
of these values are reasonable A .  

and, in fact, are in excellent 
agreement with the distances r 
found in the organic crystal '3 
iodoform. Hendricks7 has cal- 2 
culated from I. Nitta's work 
on iodoforms that the closest 
approach of iodine atoms in ad- B. 
jacent molecules is 3.94 A. and Fig. 2.- (A) Projection of four unit cells on 
t he  next closest i s  4.43 A. (001) parallel to the c axis. The dotted circles 
~~~~i~~ and ~ ~ b l ~ ~  have found represent iodine atoms at a distance of 0.087 A. 

below the (001) plane, and the full circles iodine 
from atoms a t  the same distance above (001). ( B )  their study of iodoform. Thus Projection of two cells on (010). 

the  agreement is complete 
within the accuracy of the values of the parameters themselves, which in 
the case of each crystal is probably about +0.1 A. 

From Fig. 2-A the two-fold screw axis and the glide plane perpendicular 
(7) Hendricks, Chem. Reviews, 436 (1930). 
(8) Nitta, Sci. Papers Inst. Phys.-Chem. Research (Tokyo), 4 ,  49 (1926). 
(9) Huggins and Noble, Am. Mineral., 16, 619-25 (1931). 



to i t  are evident. Also the pseudo-glide plane parallel to (100) is readily 
observed. The projection of the cell on (010) (Fig. 2-B) makes evident a 
pseudo-plane of symmetry parallel to (001). Thus the symmetry and 
pseudo-symmetry of the observed x-ray reflections are all accounted for by 
the resulting structure. 

I t  is difficult to make any statement concerning the location of the 
remainder of the molecule in the cell. The diameter of the plane benzene 
ring exclusive of the hydrogen atoms is approximately 4.26 A. Since the 
hydrogen atoms are believed to be in the plane of the ring of carbon 
atoms, the plane of the benzene ring cannot be parallel to the c axis. Fur- 
ther location of the remainder of the molecule is not profitable a t  this 
time. 

The author wishes to express his heartiest thanks to Dr. Linus Pauling 
for his helpful discussions and valuable advice during the interpretation of 
the data. The author also wishes to acknowledge with gratitude the finan- 
cial assistance of Carleton College, which has made possible this research. 

Summary 

By the use of powder, Laue and oscillation photographs, the crystal 
structure of ortho-iodobenzoic acid has been investigated. It was found to 
have a 4-molecule cell with the following dimensions 

ao = 11.30 A.  bo = 1,5.17 A. co = 4.336 A. B = 90" 43' 47' 

The corresponding axial ratios are a : b : c = 0.7450: 1': 0.2863 with /3 = 90° 
43'47". The space group is C,Sh. The iodine atoms are in the general 
positions with the following parameters: x = 0.14, y = 0.08 and z = 0.02. 
These lead to the closest distances of approach between iodine atoms of 
adjacent molecules of 3.99 A. and 4.34 A., values which are reasonable. 

PASADENA, CALIFORNIA RECEIVED NOVEMBER 1, 1932 
PUBLISHED APRIL 6. 1933 
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A Contribution to the Study of the Hydrogen-Oxygen 
Reaction. The Adsorption of Hydrogen on Pyrex and Quartz 

In a paper1 which considered the relation of the walls to the initiation of 
reaction chains in mixtures of hydrogen and oxygen a theory was advanced 
to explain the upper explosion limit obtaining in such systems. The chief 
postulate was that the partial pressure of hydrogen in the gas phase %as 
just sufficient to saturate the walls with hydrogen at the critical explosion 
pressure, and that if the latter were lowered ever so slightly partial de- 
sorption would occur. This would be followed by a "flank attack" of the 
oxygen through the freshly exposed surface, and the sweeping off of the 
whole surface film as the first step of the explosion. 

The purpose of the investigation to be described below was to test this 
theory by the experimental determination of rates of adsorption and equi- 
librium measurements for the systems quartz-hydrogen and Pyrex- 
hydrogen in the temperature range where explosions occur. Earlier 
workers found that large quantities of hydrogen were taken up by the 
porcelain2 and Pyrex1 above 400°, but the determination of the pressure 
required to saturate the surface at  various temperatures, and of the rates 
with which the two phases approach equilibrium at constant pressure, 
remained incomplete. More recently it was shown3 that hydrogen was 
adsorbed on silica a t  550°, but the figures obtained were sufficient to give 
only a qualitative idea of the rate of saturation of the surface. However, 
the same paper contains an analysis of the surface reaction of hydrogen and 
oxygen which leads the authors to take issue with Alyea's explanation of 
the upper limit. 

The molecular adsorption of hydrogen on quartz4 is known to be barely 
measurable at  liquid-air temperatures. Diffusion takes place through 
quartz walls above 300°,j and increases exponentially with temperat~re .~ 
Pyrex, in spite of its great adsorbing power, is impermeable6 to hydrogen, 
although slight surface reduction takes place. 

Apparatus 
Cylindrical bulbs of Pyrex and quartz filled with about 90 g. of pulverized Pyrex 

and quartz, respectively, were cleaned with dilute nitric acid, washed thoroughly with 
distilled water, and dried by heating and pumping off. They were placed in the brass 
core of a well-lagged resistance furnace, and sealed onto the system with capillary tubing. 

(1) 'Alyea, THIS JOURNAL, 53, 1324 (193;). 
(2) Bone and Wheeler, Phil. Trans., 11306, 1 (1906). 
(3) Garstang and Hinshelwood, Proc. Roy. Soc. (London), A134, 1 (1931). 
(4) Paranjpe, Pvoc. Asiatic Soc. Bengal, 15, 136 (1919). 
(6) Johnson and Burt, J. Opt.  Soc. nm., 6 ,  734 (1922). 
(6) Williams and Ferguson, THIS JOURNAL. 44, 2160 (1922). 



The rest of the system consisted of a compensated gas buret, a closed arm mercury 
manometer, an electrolytic hydrogen generator with purifying train, and the various 
pumps The furnace was held a t  the required temperature by a Leeds and Northrup 
thermoregulator actuated by a platinum resistance thermometer. The temperature of 
the packed bulb was read by means of a calibrated chromel-alumel thermocouple which 
was sunk in an insulated well in the brass core of the furnace and connected to a Type K 
Leeds and Northrup potentiometer. 

Procedure.-The general method of carrying out adsorption measurements has 
been described freq~ently.~ In this particular case the "dead spaces" were determined 
with helium below 300 ", the gas laws being used for extrapolation into the higher tem- 
perature range. When the bulbs were first sealed on they were given a pretreatment 
with hydrogen a t  500' for several hours to remove any easily reducible matter. Subse- 
quently, all determinations were preceded by a t  least twenty-four hours of evacuation, 
quartz being heated to 600' and Pyrex to 550" during this process. 

All values given below have been reduced to standard conditions. 
Results with Quartz.-An attempt was made to obtain an isotherm a t  565' by 

admitting successive portions of hydrogen and waiting for the pressure to reach equi- 
librium. Unfortunately, the rate of diffusion of hydrogen through quartz parallels the 
rate of adsorption to such an extent that loss of gas by the former process becomes 
appreciable when the temperature is raised to a point a t  which adsorption is reasonably 
rapid. For this reason the isotherm had to be abandoned after two weeks' contact time. 
Of a total of 19.9 cc. introduced into the bulb only 14.4 cc. could be recovered by evacua- 
tion a t  600". 

TABLE I TABLE I1 TABLE I11 
P, 760 Mm. Temp., 400' P, 760 Mm. Temp., 446" P, 760 Mm. Temp., 476" 

Tiple, V a d s . ,  Time, V a d a . .  Tiple, Vads.3 
min. CC. min. CC. min. CC. 

0 0.00 0 0.0 0 0.0 
2 .15 1 .2 2 0.4 

15 .35 15 .6 15 1.1 
35 .45 30 .8  30 1.3 
80 .50 45 .9 45 1 .5  

400 .55 60 . 1.1 60 1.7 
1200 .60 90 1.3 120 2.0 
1560 .65 120 1.4 180 2.1 
2640 .85 255 1.5 240 2.2 

585 1.7 660 2.6 
1515 1.9 1320 3.0 

RATE OF ADSORPTION OF HYDROGEN ON PYREX 

TABLE IV TABLE V 
P, 760 Mm. Temp., 526' P, 760 Mm. Temp., 542 

Time, V a d s . .  Time, Vrads.. Time, v a d s . ,  Time, v a d s . ,  
min. CC. mm cc. min. CC. min. CC. 

0 0.0 30 1.7 0 0.0 26 3.0 
5 .4 38 2.2 3 0.4 32 3.4 

10 .7  51 2.8 6 0.9 38 4.0 
16 1.0 60 3.3 10 1.5 47 4.2 
20 1 .1  75 3.8 15 2.0 52 4.6 
25 1.4 20 2.5 59 4.9 

(7) Pease, THIS JOURNAL, 45, 1197 (1923); Taylor and Williamson, ihid., 53, 2168 (1931). 
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Rate measurements were next carried out under conditions which permitted intro- 
duction of the gas a t  constant pressure, the chosen value being 760 mm. 

These rate determinations are shown graphically in Fig. 1. Because of 
the relatively low temperatures and the short time of contact the gas was 
almost completely recoverable on evacuation a t  600 O. 

2.5 

2.0 

1 5  

1 0  

0.5 

30 60 90 120 150 180 
Time in minutes. 

Fig. 1.-Rates of adsorption of hydrogen on quartz. 

Results with Pyrex.-The impermeability to hydrogen and the rela- 
tively high power of adsorption shown by this glass led to results which were 
quite conclusive. The rate of adsorption was first determined with the 
results given in Tables IV and V. 

Fig. 2.--Rates of adsorption of hydrogen on Pyrex. 

The measurements are plotted in Fig. 2. The gas was almost completely 
recoverable a t  550°, evacuation being continued for thirty-six hours. 



Finally, equilibrium values were successfully obtained a t  542 O, making it 
possible to construct an isotherm. The values follow. 

ISOTHERMAL ADSORPTION OF HYDROGEN ON PYREX 

Temp., 542' 
vads. P P/Vsd.. 

0.0 0 . . 
18.3 181 9 .89  Gas admitted = 22.5 cc. 
16.9 48 2.84 Gas recovered = 21.3 cc. 
16.2  40 2.47 

The total time of contact was sixty-two hours, and when this is con- 
sidered with the recovery efficiency of approximately 95%, it  becomes 
evident that loss of hydrogen by reduction of the Pyrex or by diffusion oc- 
curs a t  a rate which is negligible compared with the velocity of adsorption. 

Conclusions.-The rate measurements obtained with quartz show 
marked acceleration with temperature. In no case, however, is there any 
evidence of the break which would be expected if fairly rapid adsorption 
were followed by slow diffusion processes. We may therefore conclude 
that the formation of a saturated surface layer will only be realized after a 
relatively long time in this temperature region, and that such a layer when 
formed will not respond instantly to changes in pressure of the hydrogen 
in the neighboring gas phase. 

Definite corroboration of this view is obtainable with Pyrex. True 
adsorption will satisfy the Langmuir isotherm 

where a is the fraction of the available surface which is covered, a and b are 
constants, P and Vads. being already defined in this article. The equation 
may be rearranged to give 

If we plot the function P/V against P ,  points on a true adsorption iso- 
therm should therefore give a straight line whose slope is b/a and whose 
intercept on the ordinate is l / a .  This procedure has been adopted for the 
values from Table VI. 

The non-horizontal straight line so obtained shows clearly that the 
preponderating process is true adsorption and not some form of solution. 
If the latter were the case the results would obey Henry's law and the slope 
of the curve would be zero. Having obtained a linear relation for the 
experimental points extrapolation is made easy, and we can link the ad- 
sorption measurements with values obtained in kinetic studies. 

Unpublished results of Frost in Princeton have shown that the upper 
explosion limit of a 2H20:02 mixture in contact with Pyrex a t  542O is 
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approximately 120 mm. total, which means a hydrogen partial pressure of 
80 m. Inspection of the curve drawn from Table VI shows that this 
corresponds to a P/V value of 4.55 which in turn yields 17.6 cc. as the 
quantity adsorbed a t  equilibrium. If now we turn to Table V, it will be 
found that exposure of the system to hydrogen at  a pressure of one atmos- 
phere for an hour will result in the adsorption of only 5 cc. The attainment 
of the equilibrium value would require an exposure of several hours a t  one 
atmosphere, and would require a somewhat longer time if the pressure 
were markedly lower. Furthermore, the rate of adsorption has Seen shown 
to decrease rapidly as the temperature is lowered, the decrement shown in 
Fig. 2 being roughly 50% for a sixteen degree drop. This means that 
surface saturation in the neighborhood of 4 5 0 "  will be a process requiring 
several days. 

On the other hand, several investigators have found that the upper 
explosion limit is a reproducible quantity which can be obtained within a 
few seconds of the introduction of the gas mixture, in spite of the fact that 
only a tiny fraction of the surface can be covered in this time. Explosions 
can still be obtained a t  4 5 0 ° ,  and it has been shown that there is a tre- 
mendous adsorption lag at  this temperature. 

These experimental results suggest that some modification of Alyea's 
explanation of the upper explosion limit may be necessary in order to 
remove the difficulties now existing. Further experimental work may 
indicate the reason for these difficulties and thereby give positive support 
to a completely harmonious theory. 

It may be observed that a mechanism which depends on conditions in the 
gas phase rather than a t  the walls has been put forward by S e m e n o ~ . ~  
I t  later received the support of Hinshelwood and his scho01.~ 

Summary 

1. The rate of adsorption of hydrogen on quartz and Pyrex has been 
measured between 400 and 5 5 0 "  a t  a pressure of 760 mm. 

2. Equilibrium values have been obtained on Pyrex, and have been 
shown to correspond to true adsorption. 

3. By combining 1 and 2 it has been shown that the attainment of 
equilibrium requires several hours' contact of gas and surface, 

4. Lack of agreement between these results and a theory advanced by 
Alyea to explain the upper explosion limit of the hydrogen-oxygen reaction 
has been indicated. 

PRINCETON, NEW JERSEY RECEIVED NOVEMBER 1, 1932 
PUBLISHED APRIL 6, 1933 

(8) Kopp, Kovalshii, Sagulin and Semenov, Z plzyszk. Chem., B6,307 (1930). 



Interrelation of Electrokinetic Behavior and Cation Exchange 
of Iron Phosphate 

The fact that soil colloidal materials divide themselves electrokinetically 
into positive and negative colloids has brought forth some of the most 
interesting studies and fundamental results in soil research. Since the 
soil colloids consist principally of silica, humus, phosphates (electronegative 
material) and the sesquioxides of iron and aluminum (electropositive 
material), many studies1 concerning the basic properties of these materials 
and their combinations have been most gratifying. It has been shownZ 

that the seat of base exchange in colloidal material is in the uncombined or 
free valence of the electronegative materials. This being the case, a com- 
bination of materials in a reaction unfavorable for mutual precipitation of 
the positive and negative colloidal material should give a maximum base 
exchange capacity for a specific colloid. This paper is a presentation of 
data attempting to establish this point. 

A series of seven precipitations of iron phosphate varying from the 
distinctly electropositive precipitate to the distinctly electronegative 
precipitate was made in the following manner. Five millimoles of iron 
chloride together with hydrochloric acid to produce the acid reaction 
were diluted to one liter; 10 millimoles of sodium hydrogen phosphate 
(dibasic) and the sodium hydroxide necessary to produce the alkaline 
reaction were diluted to one liter and added to 500 cc. of molar ammonium 
chloride; the two solutions were mixed together in large containers by 
pouring from one container to the other and back again in rapid succession 
several times and finally stoppering the mixture in a three-liter Erlenmeyer 
flask. The ammonium chloride was added to ensure complete precipitation 
of the colloid. 

The above mixtures were allowed to stand overnight and the supernatant 
liquid was siphoned off. Then the total mass was thrown on a filter paper 
and the precipitate was allowed to become air dry for further analysis. 
The cation exchange capacity was determined by saturating the complex 
to PH 7.0 with calcium acetate and replacing the calcium with ammonium 
chloride. 

The composition of each precipitate was determined by analysis and is 
reported in Table I as molecular formulas. 

The water represented in the molecular formula was determined by 
igniting the material, dried a t  1 0 8 O ,  a t  a dull red heat until a constant 
weight was obtained. The MzO represents the cation exchange capacity 

(1) Mattson, J .  Phys. Clzem., 32, 1532-1552 (1928); Sozl Sci., 30, 459-495 (1930); 31, 57-77 
(1931). 

(2) Mattson, Soil Sci., 31, 311-331 (1931); 32, 343-365 (1931); 33, 75-94 (1932) 
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OF SEVEN IRON PHOSPHATE PRECIPITATES 

5 Millimoles of FeC4, 10 millimoles of Na2HP04, and 500 millimoles of NH&I used 
in each case with the acid and alkali added to give a film1 volurrie of 2500 cc. 

Millimolev of 
HCI and NaOH PH of -------- Molecular formula 

No. added medium I i 2 0 3  PsOs H20 MzO 

" Determined colorimetrically. 

of the colloid. The colloid was air dried before the cation exchange ca- 
pacity was determined. 

System Number 33 represents the isoelectric mixture; Numbers 1 
and 2 arc the most highly electropositively charged colloids. Numbers 
4, 5, 6 and 7 are the electronegatively charged colloids. 

The formulas in Table I show that there is a slight decrease in the 
phosphate content of the molecule as the PH value of the medium rises. 
There is, however, only a small change in the phosphate content of the 
first five precipitates, whereas there is a rather large decrease in the phos- 
phate content of the last two precipitates. 

The cation exchange capacity of the colloidal complex is influenced by 
the reaction of the medium in which it is precipitated. Thus, the isoelectric 
colloid has a lower cation exchange capacity than the electropositive 
colloid. The exchange capacity of the electronegative precipitates in- 
creases progressively until above reaction PH 7.5, after which it decreases, 
due no doubt to the decrease in phosphate content. 

The slight increase of the phosphate ion in the colloid on the electro- 
positive side of the isoelectric point hardly accounts for the increase 
in the exchange capacity, nor does the increase of phosphate account 
for the increase in the molecular held water. On the electronegative 
side of the isoelectric point the phosphate content of the colloidal complex 
continues to decrease slightly till a reaction of PH 7.5 is reached and above 
this point it decreases rapidiy. 

Figure 1 shows the relation of the charge on the colloidal particle and 
the base exchange capacity of the colloid. The cation exchange capacity 
is calculated on the basis of 5 millimoles of PO4 and shown in curve C. 

Again, in order to show further that the reaction a t  which the material 
(3) The cataphoretic measurements of the particles were not actually made, but previous work by 

Dr. Sante Mattson [Soil Sci., 30, 459495 (1930)l showed the particles to carry the charges mentioned 
The author had the privilege of starting this work in Doctor Mattson's laboratory. The results were 
repeated and confirmed at the Virginia Truck Experiment Station 



was precipitated influenced the exchange capacity as ordinarily esti- 
mated, the calculations were made on the basis of one gram of air-dried 
material and material dried a t  10SO. The data are also presented in 
Fig. 1 as curves A and B. 

PH value a t  precipitation: A, based on material dried a t  108"; B, based on 
material air dried; C, based on 5 millimoles of PO*. 

Fig. 1.-The cation exchange capacity of iron phosphate. 

In  connection with the molecularly held water (that water given off by 
ignition), it will be noted that the water content of the precipitate follows 
somewhat the same trend as the base exchange capacity. The two curves 
also show upon interpretation that the water lost from the air-dried mate- 
rial upon heating to 10SO is greatest where the cation exchange capacity is 
the largest. 

A survey of the data in Table I and the curves in Fig. 1 shows how the 
reaction of the medium in which a precipitation takes place alters the 
combination of the two oppositely charged colloidal materials. At the 
isoelectric point the two oppositely charged materials carry equal charges 
and a mutual precipitation takes place. This more complete union makes 
the isoelectric colloid the more stable colloid. Since the neutralization 



of the charged colloids is the most complete at  the isoelectric point, the 
free valence is a t  a minimum, the seat of the base exchange capacity is then 
at  a minimum, and the quantity of combined water is a t  a minimum for a 
given colloid. 

Summary 
The cation exchange capacity of seven iron phosphate precipitates vary- 

ing from the electropositive to the electronegative combinations was 
investigated. The data presented indicate that high base exchange 
accompany high electrokinetic potential, whereas low base exchange is 
characterized by a low electrokinetic potential. 

NORFOLK, VIRGINIA RECEIVED NOVEMBER 9, 1932 
PUBLISRED APRIL 6. 1933 

[CONTRIBUTION FROM THE T. JEFFERSON COOLIDGE, JR., CHEMICAL LABORATORY 
OF HARVARD UNIVERSITY ] 

The Atomic Weight of Lead from Bedford Cyrtolite 

The lead-uranium ratio in a specimen of cyrtolite from Bedford, N. Y., 
U. S. A., has recently been determined by Muenchl to be 0.0513 (Pb 0.374, 
U 7.29, Th 0.0?). In estimating the age of this mineral it is important to 
discover by the determination of its atomic weight whether this lead was 
wholly derived from the disintegration of uranium. An added interest to 
this determination comes from the fact that the mineral is nearly if :lot 
quite free from thorium. 

Since cyrtolite consists chiefly of zirconium silicate and is extremely 
refractory, the extraction of the lead was a matter of some difficulty. The 
method finally adopted after some exploration was that of treatment with 
hydrofluoric acid. About 1250 grams was available. 

The lumps were first crushed in a previously cleaned jaw crusher. The 
material was then finely ground in a Quaker grinding mill which had been 
cleaned by grinding in i t  several hundred grams of marble. Prolonged 
digestion in 100-g. portions with hydrofluoric acid in a platinum dish 
followed. Removal of the hydrofluoric acid was effected by repeated 
evaporation with concentrated nitric acid. The portion soluble in hot 
dilute nitric acid was then separated from the very considerable residue of 
undissolved zirconium silicate. 

The lead was next separated and purified by the following processes: 
(1) double precipitation as sulfide; (2) solution of the sulfide in nitric acid 
and precipitation of lead chromate in ammonium acetate solution; (3) 
solution of the chromate in nitric acid and precipitation of lead sulfate; 
(4) conversion of the sulfate to carbonate by boiling with sodium carbonate 

(1) Muench, A m  J .  Sci., 81, 366 (1931). 



solution; ( 5 )  solution of the carbonate in nitric acid and three recrystal- 
lizations of the nitrate from concentrated nitric acid in quartz; (6) con- 
version of the nitrate to chloride by repeated evaporation with hydrochloric 
acid in quartz; (7) recrystallization of the chloride, once in quartz and 
three times in platinum; (8) distillation of the chloride in a current of 
hydrogen chloride in a quartz tube. All the acids used in the foregoing 
operations were freshly distilled and other reagents were proved to  be free 
from lead before use. All the material resulting from this purification was 
used in Analysis 1. 

As soon as the first analysis was completed, the resulting lead nitrate 
solution was evaporated, freed from silver with a small amount of hydro- 
chloric acid and, after combination with the mother liquors of the first set of 
crystallizations and conversion to nitrate, the product was three times 
crystallized as nitrate in quartz and three times as chloride, once in quartz 
and twice in platinum. The final step was distillation in hydrogen chloride 
as before. This material was used in Analysis 2.  

For the next analysis (3) the combined lead salt was five times crystal- 
lized as nitrate in quartz, and five times as chloride, twice in quartz and 
three times in platinum. 

The final analysis with cyrtolite lead was performed with material which 
had been three times crystallized as nitrate and four times as chloride. 

For purposes of comparison experiments were carried out with common 
lead and with lead extracted from Swedish kolm by Baxter and B l i ~ s . ~  
Ordinary lead nitrate was three times crystallized from nitric acid in quartz 
and after conversion to chloride the latter was crystallized once in quartz 
and three times in platinum. The kolm lead was crystallized six times as 
nitrate and six times as chloride. All the samples were finally distilled in a 
current of hydrogen chloride in a quartz tube. 

The distilled lead chloride was prepared for weighing by fusion in a 
current of hydrogen chloride while contained in a weighed quartz boat in a 
quartz tube. After cooling in nitrogen, the boat and contents were trans- 
ferred to a weighing bottle by means of a Richards bottling apparatus. 
In  Analysis 4 the fusion atmosphere was a mixture of one part hydrogen 
chloride to ten of nitrogen. 

Comparison of the lead chloride with silver was effected nephelometri- 
cally. In Analyses 2 and 3 the lead chloride solution was added to the 
silver nitrate solution; in all other analyses the reverse method of precipita- 
tion was employed. In three analyses the end-point was approached from 
one side, in three from the other. The precipitation and testing were 
both done a t  room temperature. In Analyses 2 and 7, after the end-point 
had been found a t  room temperature, the solutions were cooled with ice. 
When again tested nephelometrically no change could be detected. 

(2) Baxter and Bliss, THIS JOURNAL, 52, 4848 (1930). 



Anril 1422 - -r - -- , - I - - Tas ~41m~1c WEIGHT OP T,RAD FROM BEDFORD CYRTOLITE 1447 

Because of the small amounts of material available in the experiments 
with cyrtolite and kolm lead the weighing bottle, boat and bottling appa- 
ratus were made of small size in order to increase the accuracy of weighing. 

The concentration of the solutions before precipitation was not far from 
0.02 normal, and the total volume of the solutions in the cyrtolite experi- 
ments about one liter. Under these circumstances the uncertainty in 
determining the end-point with the nephelometer is not over 0.05 mg. of 
silver or the equivalent amount of chloride, a quantity which would affect 
the observed atomic weight of lead by 0.02 unit in an experiment in which 
somewhat less than one gram of lead chloride was used. The range of the 
cyrtolite analyses is about double this, but three of the four analyses are 
essentially identical. 

Three different specimens of silver were employed, all of which had been 
purified by the same proce~ses.~ 

All weighings were made by substitution with calibrated weights. 
Vacuum corrections of f0.058 mg. and -0.031 mg. per gram, respectively, 
were applied to the air weights of lead chloride and silver. 

PbClz Ag Ag Corr. wt. Ratio 
Sample of in vacuum, in vacuum, added, of Ag, PbC12: At. w t .  

Analysis PbClz g. g. g. g. 2Ag of  Pb 

1 Cyrtolite 0.99965 0.77881 +0.00025 0.77906 1.28315 
2 Cyrtolite ,99219 ,77286 + .00039 .77325 1.28314 
3 Cyrtolite .76907 ,59951 - .00005 ,59946 1.28294 
4 Cyrtolite .73596 ,57368 - .00010 ,57358 1.28310 

Average 1 .283 17 

5 Common 2.47843 1 92263 + 00011 1.92274 1.28901 
6 Common 2.80252 2.17405 .00000 2.17405 1.28908 

Average 1.28905 

7 Kolm 3.42063 2.66525 - .00010 2.66515 1.28347 

The analyses of common lead chloride were performed first and although 
the average atomic weight found is slightly lower than the more probable 
value, 207.22, the difference was so small that it did not seem a matter of 
concern. Since the results of the experiments with cyrtolite lead were 
unexpectedly low, the experiment with kolm lead was undertaken. The 
outcome of this experiment is reassuring, since Baxter and Bliss2 obtained 
an almost identical result, 206.013. 

One conclusion seems certain, that the cyrtolite lead is essentially free 
from common lead so that the lead-uranium ratio obtained by Muench 
may be confidently employed in computing the age of the mineral. 

The explanation of the low value for cyrtolite lead is not so obvious. 
Aston finds the lead isotopes integral with the mercury isotopes, which on 
the physical scale, 01" 16.0000, were found to have values 0.01 per cent. 

(3) See Baxter and Ishimaru, THIS JOURNAL, 81, 1730 (1929). 
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higher than integral, the accuracy claimed being 0.01 per cent. In con- 
verting from the physical to the chemical scale, if the higher factor of 
Mecke and Childs, 1.00022, is used, the atomic weight of radium lead falls 
between 205.96 and 206.00. However, if the latter is always accompanied 
by actinium lead, Pb207, in the proportions found in Katanga lead by Aston4 

(93.3:6.7) the average atomic weight of uranium lead should be 0.07 unit 
higher, a difference far outside the apparent accuracy of our experiments. 
This suggests the possible presence in uranium lead of lead isotopes of lower 
atomic mass than 206. An alternative is that the atomic weight of lead as 
found by us is too low, or that the packing fraction of lead determined with 
the mass spectrograph is incorrect. 

The experimental result of this research is that the atomic weight of 
uranium lead from a specimen of cyrtolite is 205.92 .t 0.02. 

(4) Aston. Nature, 129, 649 (1932). 
CAMBRIDGE, MASSACHUSETTS RECEIVED NOVEMBER 12, 1932 

PUBLISHED APRIL 6, 1933 

Diphenylarnine Sulfonic Acid as a Reagent for the Colorimetric 
Determination of Nitrates 

Since first suggested by E. Kopp,' the use of diphenylamine for the 
colorimetric determination of nitrates has been studied by numerous in- 
vestigator~.~ Diphenylamine, mainly for the following reasons, is far from 
being an ideal reagent in the colorimetric determination of nitrates. 

1. The blue color developed by nitrate in the presence of much sulfuric 
acid and some hydrochloric acid is to be attributed to the formation 
of an oxidation product of diphenylbenzidine, the latter being the first 
oxidation product of diphenylamine. 

D. B. 

N=/=\-/==\& 

D. B. blue 

Diphenylamine therefore is not a specific reagent for nitrate, but the blue 
color is also developed by other oxidizing agents, such as ferric iron, nitrite, 
dichromate, etc. 

(1) E. Kopp, Ber., 6, 284 (1872). 
(2) See especially the more extensive investigations of Tillmans and Sutthoff, Z. anal. Chem., 60, 

473 (1911); L. Smith, ibid., 66, 28 (1917); Riehm, ibid.. 81, 353 (1930); for bibliography compare 
J. H. Yoe, "Photometric Chemical Analysis," Vol. I, Colorimetry, John Wiley and Sons, New York, 
1928, pp. 638-659. 
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2. The intensity of the blue color developed strongly depends upon the 
ratio of diphenylamine and nitrate in the reacting mixture. The concentra- 
tion of the blue holoquinoid oxidation product decreases with increasing 
excess of diphenylamine, because part of the nitrate is consumed in the 
oxidation of the reagent to the colorless diphenylbenzidine. Still the use of 
the latter substance as a reagent does not seem to offer special advantages, 
as may be inferred from a study by H. Riehm.3 

3. The blue oxidation product is not stable; in addition, i t  reacts on 
standing with diphenylbenzidine with formation of a green slightly soluble 
meriquinoid. Therefore the intensity as well as the shade of the color 
changes with time of standing. 

4. The nitrate in the reacting mixture is reduced to nitrogen oxide (NO), 
the latter being partly oxidized by oxygen from the air to NO2 which reacts 
again with the indicator with the formation of diphenylbenzidine blue and 
NO. The latter again is reoxidized, etc. Therefore the concentration of 
the blue dye is much larger than corresponds to the simple stoichiometric 
reaction between nitric acid and diphenylamine; hence the color intensity 
after a certain time of standing is much larger with nitrates than with 
equivalent amounts of other oxidizing agents. This explains why the 
reaction is much more sensitive for nitrates than for other oxidizing agents 
and also why the way of mixing the acid nitrate solution with the reagent 
has a pronounced influence upon the intensity of the color and its develop- 
ment with time of standing (see experimental part). 

5 .  Other factors, such as temperature during the mixing and a t  the 
time of standing, the concentration of sulfuric acid and chloride in the 
reacting mixture, shaking after mixing, and even the size of the tubes or 
vessels used affect the intensity of the color. Although various factors can 
be controlled by working under standardized conditions, i t  is evident that it 
will be hard to get reproducible results. From all this i t  is not surprising 
that no linear relation is found between the concentration of nitrate and the 
intensity of the color developed (Beer's law). 

The advantages of diphenylamine sulfonic acid as an oxidation-reduction 
indicator4 suggested the possibility of using i t  in the colorimetric determina- 
tion of nitrates. The oxidation mechanism of the sulfonic acid is similar to 
that of diphenylamine; therefore some of the disadvantages involved in the 
use of diphenylamine (or benzidine) will also occur with diphenyIamine 
sulfonic acid as a reagent. Preliminary experiments showed that  the 
color developed in the reaction between nitrate and the sulfonic acid is 
fairly stable, whereas that formed in the reaction with diphenylamine or 
benzidine under identical experimental conditions fades relatively rapidly. 

(3) H. Riehm, Z. anal. Chem , 81, 439 (1930); however, see also K. Pfeilsticker, ibid., 56, 397 
(1931); G. W. Monier Williams, Analyst, 56, 397 (1931); H. Stromberg, Proc. Staff Meetings Mayo 
Clinic, 7, 254 (1932). 
b- (4) L. A. Sarver and I .  M. Kolthoff, THIS JOURNAL., 53, 2902 (1931). 
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These experiments indicated that diphenylamine sulfonic acid might be 
superior to diphenylamine or benzidine in the quantitative determination 
of nitrates. The oxidation product formed in the strongly acid medium 
has a bluish-violet color, whereas diphenylamine yields an indigo-blue 
solution. 

Experimental 
Materials Used.-C. P. products of potassium nitrate and potassium chloride, 

both recrystallized twice, and nitrogen-free sulfuric acid were used. 
Sodium Diphenylamine Su1fonate.-Standard solution 0.006 molar This solution 

was prepared by dissolving 0.512 g. of the barium salt4 in about 125 cc. of water. To  this 
solution was added 0.117 g. of sodium sulfate (anhydrous) dissolved in a little water, and 
the barium sulfate formed filtered off. The filtrate was diluted with water to  250 cc. 
Various dilutions of this standard solution have been used in the experimental work. 

Diphenylamine, Eastman Kodak Company product. 
The conditions which affect the reproducibility and the intensity of the colored 

product formed in the reaction between nitrate and the reagent were systematically 
studied. 

Effect of Method of Mixing.-The object of this set of experiments was to find a 
way of eliminating the uneven heating catised by heat of dilution of sulfuric acid in mix- 
tures containing the indicator Two series of experiments were run, one in small Erlen- 
meyer flasks, the other in test-tubes. Each sample contained 1 cc. of 0.0003 molar di- 
phenylamine sulfonate (standard solution 1:20), 1 cc. of a nitrate solution containing 1 
mg. of NO8 and 18 g of potassium chloride, respectitely, per liter. To each mixture 
were added 2, 3, 4, 5,6 and 7 cc. of sulfuric acid, respectively. The formation of colors 
with respect to  sulfuric acid concentration was quite irregular, but the two series as a 
whole showed that the mixtures in Erlenmeyer flasks were lighter in color than those in 
the corresponding test-tubes A variation of the chloride and indicator concentration 
did not change the order of the effect. Similar results were obtained with diphenyl- 
amine instead of diphenylamine sulfonate as an indicator. I n  order to find a procedure 
yielding reproducible results, the methods of mixing the nitrate, indicator and acid solu- 
tions were varied systematically. The best results were obtained according to the fol- 
lowing procedure: to an aqueous solution containing the nitrate and a suitable amount of 
potassium chloride a measured volume of sulfuric acid was added, the mixture after 
shaking cooled to room temperature, two d r ~ p s  of indicator (standard solution) dropped 
in and the whole mixed by careful stirring. By this method, which was applied in the 
later work, the uneven heating of the reaction mixture was eliminated and reproducible 
results were obtained. 

Effect of Concentration of Sulfuric Acid.-It was found that the sensitivity of the 
reaction increases with the sulfuric acid concentration in the mixture. If the acid con- 
centration in the reaction mixture was lower than 50y0, the sensitivity of the reaction 
became too small and the color formation very slow. A small variation of the acid con- 
centration in the neighborhood of 50% did not affect the reproducibility of the colors. 

Effect of Concentration of Potassium Chloride.-The presence of chlorides is es- 
sential for obtaining the highest sensitivity. A concentration of 10 g. per liter of potas- 
sium chloride in the nitrate solution to be investigated was found to be a satisfactory 
amount. A change in this chloride content within 20% was without influence upon the 
intensity of the color. 

Effect of Concentration of Diphenylamine Su1fonate.-If the concentration of nitrate 
was kept constant in a series of solutions and that of diphenylamine sulfonate varied, 
the intensity of the color produced increased to the point where nitrate and indicator 
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were present in equivalent amounts. With an excess of reagent the intensity of color 
produced became less as the excess was increased. The stability of the color was the 
greatest in the solutions in which the nitrate and diphenylamine sulfonate were present 
in approximately equivalent quantities. I n  the final procedure the concentration of the  ' 

reagent is kept constant in a series of standards and uiiknowns. 
Effect of Temperature.-Experiments showed that regular and reproducible re- 

sults were obtained when the indicator was added to the acid nitrate-chloride mixture 
a t  room temDerature. 

If the mixtures were heated above room temperature irregular results were ob- 
tained and the colors were less intense than if developed a t  ordinary temperature. 

Relation between Color and Ritrate Concentration.--From the above i t  is evident 
that  there will not be exact proportionality between the intensity of the color produced 
and the nitrate content of the mixture. I n  the final procedure the  use of a series of 
standards (0.1, 0.2, 0.3, 0.4, 0.5, 1 .O, 2.0, 3.0, 4.0 and 5.0 mg. nitrate per liter) is recom- 
mended. In  this range of concentrations there is sufficient proportionality between 
any unknown and the closest two standards to  make a fairly accurate determination. 
The proportionality is most linear when the colors are first formed, and decreases as the 
solutions are allowed to assume deeper colors; this is especially true a t  the higher 
concentrations of the range. The changes taking place on standing are caused mainly 
by the effect of oxygen from the air (see introduction in this paper), irregular results being 
obtained with slight changes of conditions. 

For demonstration of the time effect some experimental figures are 
offered in Table I. The solutions were prepared according to the standard - - - 
procedure given in this paper, and comparisons made in a colorirneter. 

EFFECT OF TIME OF STANDING ON COLOR INTENSITY 
Solutions compared, Theoretical 

NOa per liter ratio - Pound, ratio after minutes 

5 and 4 mg. 
Ratio 
4 and 3 mg. 
Ratio 
3 and 2 mg. 
Ratio 
2 and 1 mg. 
Ratio 
1 and 0.5 mg. 
Ratio 

These data show that the best time to make comparisons varies with 
the concentrations of the solutions under comparison. Generally it was 
found that comparisons should be made as soon as colors were intense 
enough to allow their matching in a colorirneter. Incidentally it may be 
mentioned that the violet colors are much more stable than the blue ones 
obtained with diphenylamine or diphenylbenzidine as an indicator. 

Procedure.-A series of standards is prepared each containing 10 g. of 
potassium chloride and 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0 mg. of 
nitrate ion, respectively, per liter. To the aqueous solution of the nitrate 
to be analyzed is added potassium chloride to a concentration of 8-12 g. 
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per liter. If one does not know the approximate concentration of the un- 
known, a preliminary experiment with standards containing 0.5, 1.0 and 3.0 

. mg. of nitrate per liter is run. 
The mixtures are prepared in the following way: to 10 cc. of the nitrate- 

chloride solution is added 10 cc. of sulfuric acid from a pipet. Immediately 
after addition of the acid the flask is put into cold water and stirred suf- 
ficiently to mix its content. After cooling to room temperature 0.1 cc. of a 
0.006 molar sodium diphenylamine sulfonate solution is added and the 
whole carefully mixed. The colors are compared in a colorirneter as soon 
as the more dilute of the two standards between which the unknown ap- 
pears to belong has become sufficiently colored. As already mentioned, 
there is no exact proportionality between intensity of color and nitrate 
concentration. Therefore the method of calculating the nitrate con- 
centration of the unknown is an empirical one. Suppose the unknown was 
found between 2 and 3 mg.; then with the 3 mg. standard set a t  a reading of 
20, the 2 mg. standard read 35 and the unknown 30. The concentration of 
the unknown then is equal to 

35 - 30 
2 + ------ = 2.33 mg. per liter 

35 - 20 

After the preliminary series has given an approximate value the pro- 
cedure just given is repeated with the unknown and its two closest stand- 
ards. This determination gives an accuracy of the order of 5% as shown by 
the data in Table 11. 

COLORIMETRIC NITRATE DETERMINATION 

NOa present, Nor found, Relative NOS present, NOa found, Kelative error 
mg per liter mg. per liter error in % mg. per liter mg per liter in % 

0 32 0.34 +5 1.50 1.60 f 7  
.48 .47 -2 2.80 2 72 - 3 
.47 .50 +6 3.50 3.54 + 1 
.70 .70 0.0 3.68 3.65 - 1 

1.40 1.50 + 7 4.50 4.47 - 1 

Interfering Substances.-Since diphenylamine and its derivatives act 
as oxidation-reduction indicators in the nitrate test, all oxidizing agents 
with high enough oxidation potential will react with the indicator. The 
sensitivity of diphenylamine sulfonic acid for ferric iron amounts to 2 mg. 
of ~ e " '  per liter, if the standard procedure is applied. Hydrofluoric acid 
does not eliminate the interference by ferric iron. Most oxidizing agents, 
however, can be easily separated from nitrate or made harmless by proper 
reduction. Of great practical importance is the interference by nitrite; 
the sensitivity toward this ion according to the standard procedure is 
0.2 mg. of NOz per liter. Tillmans and Sutthoff2 have recommended 
making nitrous acid harmless by the addition of urea. This procedure 
has been applied by various authors; however, i t  was found by us that the 
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excess of urea interferes very strongly with the color development of small 
amounts of nitrate and gives rise to quite erroneous results. This is true 
with diphenylamine as well as diphenylbenzidine and diphenylarnine sul- 
fonic acid as reagents. The method therefore should be eliminated from 
the literature. It was also found that hydrazoic acid interferes strongly. 
The reason probably is that urea as well as hydrazoic acid reacts with the 
nitrous acid formed in the reoxidation of nitric oxide by oxygen from the 
air. Good results were obtained by another method, also recommended by 
Til lma~s and Sutthnff, in which the nitrite is removed by boiling with 
ammonium chloride: 

NHnNOz --+ Nz + 2Hz0 

To 100 cc. of solution containing nitrate and no more than 10 mg. of nitrite 
per liter is added 0.5 g. of ammonium chloride. The mixture is boiled 
down to a volume of 25 cc. and made up with water and 0.5 g. of potassium 
chloride to 100 cc. Sodium nitrite c. P. was recrystallized twice; solutions 
of this salt containing 10 mg. of NOz-per liter were treated according to the 
above procedure and did not develop any color with diphenylamine sulfo- 
nate when treated according to the standard procedure after boiling. Similar 
experiments were made with solutions containing 10 mg. of nitrite per liter 
and quantities between 0.5 to .5 mg. of nitrate per liter. The colors de- 
veloped were exactly the same as those developed in nitrate solutions of 
corresponding strengths in the absence of nitrite. 

Summary 

Sodium diphenylamine sulfonate can be used as a reagent in the colori- 
metric determination of nitrates and has advantages over diphenylamine or 
diphenylbenzidine as reagents. A procedure has been developed which 
allows the determination of 0.001 to 0.05 mg. of nitrate in 10-cc. samples 
with an accuracy of 5%. The factors affecting the reproducibility of the 
color formation have been studied systematically. Nitrite interferes with 
the determination and has to be removed by boiling with ammonium 
chloride. Urea cannot be used since its excess interferes with the color 
formation. The same is true with diphenylamine and diphenylbenzidine as 
reagents. 

MINNEAPOLIS, MINNESOTA RECEIVED NOVEMBER 17, 1932 
PUBLISHED APRIL 6, 1933 



[CONTRIBUTION FROM THE SCHOOL O F  CHEMISTRY OF THE UNIVERSITY O F  MINNESOTA] 

The Volumetric Determination of Nitrates with Ferrous 
Sulfate as Reducing Agent 

The only accurate method for the volumetric determination of nitrate is 
based on its reduction to ammonium or ammonia and distillation of the 
latter according to standard procedures. Other methods based on the 
quantitative determination of the oxidizing power of nitrate in strongly 
acid medium have been proposed in the literature,' but most of them re- 
quire special apparatus, are time consuming, not very accurate and the 
results are seriously affected by the presence oi air. In addition many re- 
ducing agents do not react in a simple stoichiometric way with nitric acid, 
but yield mixtures of oxides corresponding to various steps of oxidation of 
nitrogen. In the present work attempts were made to use hydrazine sul- 
fate, arsenious oxide and antimony trichloride as reducing agents, but with 
unsuccessful results, the reaction mechanisms being very complicated and 
affected by slight changes in experimental conditions. The iodimetric 
method based on the quantitative reduction of nitric acid to nitric oxide 
by hydrogen iodide has been advocated repeatedly in the literature but 
cannot be recommended, since even traces of oxygen have a detrimental 
affect upon the results. Therefore i t  was decided to make a systematic 
study of the well-known reaction between nitric acid and ferrous iron, 
the latter being able to reduce the nitrate quantitatively to nitric oxide. 
The quantitative application of this reaction originated with Gossart,% who 
made i t  the basis of a direct titration using potassium ferricyanide as an 
outside indicator. The method yields only approximate results and has 
been modified by various authors. Recently L. Szebel14dy3 has shown that 
the appearance of the pink color of the ferrous-nitrogen oxide complex can 
be used as an indication of the end-point, but his procedure cannot be used 
for an accurate determination of nitrate. Pelouze4 recommended the use 
of an excess of ferrous iron, titrating the latter back with permanganate. 
His method has been investigated and modified by various authors6 but 
has not become a standard procedure, mainly for the following reasons: 
(a) the reaction between nitrate and ferrous iron 

proceeds relatively slowly. Even in strongly acid medium in the presence 
of much hydrochloric acid a long period of boiling is required for the com- 

(1) For a fairly complete review of the methods previous to 1913, see H. Beckurts, "Die Methoden 
der Maszanalyse," Verlag Fr. Vieweg- und Sohn. Rraunschweig, 1913. 

(2) Gossart, Compt. rend., 24, 21 (1847). 
(3) L. Szebelledy, 2. anal. Chem., 73, 145 (1928); 74, 232 (1928). 
( 4 )  Pelouze, Ann. chim. phys., [3] 20, 129 (1847). 
( 5 )  See Beckurts. Ref. 1, p. 522. 
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pletion of the reaction. (b) Nitric oxide is easily oxidized by oxygen and 
therefore precautions must be taken to exclude air during the reaction. 
(c) A strongly acid solution of ferrous iron is fairly rapidly oxidized by 
air. 

In the following a simple procedure, based on the reaction between nitric 
acid and ferrous iron, has been developed which gives accurate and reproduc- 
ible results 

Experimental 
Reagents and Chemicals Used 

Potassium nitrate c. P. twice recrystallized from water and dried a t  120'. 
0.18 N ferrous ammonium sulfate c. P. in 1 N sulfuric acid. A brief study of the 

influence of the acid concentration upon the stability (air oxidation) of ferrous iron solu- 
tions was made. Solutions of ferrous iron in 0.05, 0.1, 0.2, 0.5, 1 and 2 N sulfuric acid, 
respectively, were allowed to stand in partly filled glass-stoppered bottles. They were 
titrated at  intervals of a week over a period of three to five weeks. It appeared that the 
solution in 1 N sulfuric acid was most stable. I t  is recommended, however, that the 
solution of ferrous anlmonium sulfate be standardized each day before use. The use 
of 0.18 N ferrous iron is most convenient in working with quantities of potassium nitrate 
ranging from 0.080 to 0.22 g. when back titration is made with 0.1 N dichromate. 

0.1 N potassium dichromate (a weighed amount of the pure salt made up to volume). 
1% ammonium molybdate ((NH4)sMo702n.4H20) in water. 
1 % solution of barium diphenylamine sulfonate in water as indicator in the titra- 

tion of ferrous iron with dichromate. Diphenylamine and diphenylbenzidine can be 
used as well. 

Sodium bicarbonate c. P. (tested for nitrate and other impurities which may have 
an oxidizing action). 

C. p. hydrochloric acid, sulfuric acid and phosphoric acid. 
In the first experiments mixtures of potassium nitrate with sulfuric acid or hydro- 

chloric acid or both, from which the air had been removed, were boiled with excess fer- 
rous sulfate in Erlenmeyer flasks, Bunsen valves being used to prevent entrance of air, 
until reduction was complete; after cooling and dilution with water, the ferrous iron re- 
maining was titrated with dichromate. Solutions containing hydrochloric acid were re- 
duced with greater speed than those containing sulfuric acid, but under all conditions 
boiling for more than half an hour was required to accomplish quantitative reduction 
of the nitrate. Therefore the effect of various substances on the rate of reaction was 
studied. It appeared that rnolybdate acts as a powerful catalyst in the reaction be- 
tween nitrate and ferrous iron in strongly acid medium. Later it was found that Hac 
and Netukaa have made use of the same catalyst in the gasometric determination of 
nitrate with ferrous chloride as reducing agent. 

After a systematic study the following volumetric procedure was developed. 
Apparatus.-The apparatus adopted consisted of a 250-cc. Erlenmeyer flask fitted 

with a two-holed rubber stopper. A medicine dropper of 3 cc. capacity previously filled 
with ammonium molybdate solution was inserted in one of the holes and, in the other, a 
rubber tube leading to a saturated solution of sodium bicarbonate contained in a beaker. 
An Erlenmeyer flask with ground-glass stopper and dropping funnel can be used in- 
stead of the apparatus described. 

The apparatus permits the addition of the catalyst after all the air has been expelled 
by boiling; the tube leading to the bicarbonate solution prevents the escape of irritating 

(6) Hac and Netuka, Coll. Csechoslou. Chem. Comm., 1, 521 (1928). Cf. R. Hac, Eighth Intern. 
Congress of Ap9lied Chem., 1, 207 (1912). 
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hydrochloric acid fumes into the atmosphere of the room during boiling and permits 
cooling the flask in a carbon dioxide atmosphere. 

Procedure.-A 0.1- to 0.2-g. sample of nitrate is introduced into the 250-cc. Erlen- 
meyer flask; 25 or 50 cc. 0.18 N ferrous iron solution are added (an excess of approxi- 
mately 50y0 of ferrous iron is recommended) and 70 cc. 12 N hydrochloric acid. Then 
3 to 5 g. of solid sodium bicarbonate is added carefully in small portions to displace the 
air from the flask and immediately thereafter the flask is closed with the stopper, from 
which a rubber tube leads to a suspension of 50 g. of sodium bicarbonate in 100 cc. of 
water. The dropper fitted into the other hole of the stopper contains 3 cc. of 1% am- 
monium molybdate solution. The solution is heated and the catalyst added after two 
or three minutes' boiling. The boiling is continued for ten minutes, the sodium bicar- 
bonate suspension then replaced with a fresh saturated solution, the flask removed from 
the flame and immersed in cold water. After cooling to room temperature the Bask 
is unstoppered and 35 cc. of 6 N ammonium acetate for every 50 cc. of solution to be 
titrated and 3 to 5 cc. 85% phosphoric acid are added. The acetate reduces the con- 
centration of the strong acid to between 1 and 2 N. The solution, which should have a 
volume of 100 to 150 cc., is slowly titrated with 0.1 hi dichromate using 6 to 8 drops of 
diphenylamine sulfonate (or diphenylamine or diphenylbenzidine) as indicator. The 
ferrous iron solution is standardized under the same conditions as described above. 

1 cc. of 0.1000 N iron is equivalent to 3.370 mg. of potassium nitrate or 2.067 mg. 
of NO3. 

The procedure gives results accurate to within 0.5% as may be inferred from data 
given in Table I. 

VOLUMETRIC DETERMINATION OF NITRA~E 
Potassium nitrate Error, Potassium nitrate 

Taken, g.  Found, g .  % Taken, g.  Found, g. 

0.2528 0.2526 - 0.1 0.1015 0.1012 
.2030 ,2026 - .2 .lo11 .lo10 
.2021 .2021 . O  .I011 ,1008 
.2021 .202 1 .0 .I011 .I011 
.2276 .2277 + .05 .0910 .0909 
.I539 .I534 - . 3  ,081 1 .0810 
.I210 .I212 + . Z  ,0506 .0505 
.I320 .I318 - .15 ,0203 ,0202 
.I015 .I015 .O ,0202 ,0202 

Error, 
% 

- 0.3  
- . I  
- .3  

.o 
- . 1  
- . 1  
- .2  
- .5  

. o  

Notes.-1 The titer of the ferrous iron solution is determined in a blank under the 
same conditions as in the presence of nitrate. The titer is the same as found by direct 
titration, if air does not gain access to the solution. It may be mentioned that the air 
sensitivity of the ferrous iron is increased in the presence of molybdate. 

2. Indication that the reduction is complete is obtained from the color of the solu- 
tion during boiling. Upon addition of molybdate the solution becomes dark brown ow- 
ing to the formation of the ferrous sulfate-nitric oxide complex; after two or three 
minutes' boiling, during which the NO is expelled, the color brightens to a reddish- 
orange. The orange color lightens to yellow upon cooling to room temperature. 

3. Even less than the recommended amount of molybdate gives quantitative 
reduction within ten minutes. Experiments were made with 100 mg. of potassium ni- 
trate in the presence of 5, 10, 20 and 30 mg. of molybdate, respectively. In all cases 
quantitative results were found. 

4. Ions which are readily reduced by ferrous iron, such as chlorate, brorr~ate and 
iodate, interfere with the nitrate determination. However, in most cases it will be 
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possible to develop a procedure by which the oxidizing agents can be titrated without 
interference by nitrate, whereas the sum of nitrate and other oxidizing agent can be de- 
termined by the procedure described above. Small amounts of perchlorate do not affect 
the results; however, with large amounts of perchlorate slightly high results are found. 
With 150 mg. of potassium nitrate and 800 mg. of ammonium perchbrate the results 
were I to 1.5% high. I t  may be mentioned that manganous ion and phosphoric acid 
do not interfere with the determination. 

The procedure described can also be applied to the determination of small quan- 
tities of nitrate between 20 and 2 mg. In the determination of very small amounts of 
nitrate the solutions of dichromate and ferrous iron used were four to six times more 
dilute than recommended in the standard procedure. The filrther mairipulations were 
carried out as described above with the exception that the solution was boiled a t  a rate 
which resulted in a final volume of approximately 50 cc. After cooling, 20 cc. of 6 N 
ammonium acetate and 10 cc. of phosphoric acid were added. The solution was diluted 
to a volume of 100 to 150 cc. and 4 drops of indicator added for each 50 cc. of solution. 
The blanks were made in the same way as the determinations. With these dilute solu- 
tions the blanks should be run under the experimental conditions since a slight oxidation 
of the ferrous iron during the procedure results in a relatively large error. 

The figures in Table I1 show that the results are accurate to within 3% with quan- 
tities of nitrate between 12 and 2 mg. 

DETERMINATION OF SMALL AMOUNTS OF NITRATE 

Nitrate in mg. Nos Error, Nitrate in mg. Nos Error. 
Taken Found % Taken Found % 

12.27 12.10 -1.4 4.91 4.86 - 1.0 
11.86 11.70 -1.3 2.45 2.40 -2.0 
11.86 11 .70 -1.3 2.45 2.38 - 2.8 
4.91 5.04 +2.6 2.45 2.38 - 2.8 
4.91 4.82 -1.8 

Summary 

A procedure has been described for the volumetric determination of 
nitrates, in which ferrous sulfate is used as reducing agent in strong 
hydrochloric acid medium with molybdate as catalyst. With the aid of this 
procedure a nitrate determination can be made in twenty minutes. With 
quantities of nitrate greater than 20 mg. the maximum error is 0.5%, the 
error decreasing as the size of the sample increases. Amounts of nitrate 
of the order of a few milligrams can be determined with an accuracy of 
about 2%. 

MINNEAPOLIS, MINNESOTA RECEIVED NOVEMBER 17, 1932 
PUBLISHED APRIL 6, 1933 
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The Heat of Vaporization of Hydrogen Fluoride 
BY J. H. SIMONS AND J. w. BOUKNIGHT 

The heat of vaporization of hydrogen fluoride, as calculated from the 
vapor pressure measurements of Simons,l is 6025 calories for one apparent 
molecular weight of the gas; and this value is approximately constant 
over a range of temperature. It is difficult to reconcile this fact with the 
results of surface tension measurements of the present authors2 and the 
equilibrium between HF and HsFe with a heat of dissociation of about 
40,000 calories per mole of HeF6, as determined by Simons and Hilde- 
brand.3 The surface tension measurements indicate that the liquid is 
probably composed of molecules of H6Fs. The heat of vaporization was 
determined experimentally in this investigation to ascertain whether 
or not i t  would be equal to the calculated value or differ from it  by an 
amount equal to the heat of dissociation. 

Apparatus 
The apparatus is shown in the diagram. It consisted essentially of a pure silver 

vessel, called a vaporizer, which screwed tightly into a copper plug cemented into the 
ground cover of a silvered Dewar vessel. To  reduce the heat conduction the connection 
between the copper plug and the copper outlet tube was made with a small piece of thin 
walled silver tube silver-soldered to both copper pieces. The copper outlet tube was 
connected by means of silver-plated brass screw connections to three absorption tubes. 
These tubes were made of copper and contained finely ground sodium fluoride. They 
could be removed separately and weighed. The space between the silver vaporizer 
and the walls of the Dewar vessel could be evacuated by means of a vacuum pumping 
system connected through the cover of the Dewar. The heating element consisted of a 
piece of copper tubing wound with asbestos-covered wire, which fitted as a plug into a 
well in the bottom of the vaporizer A ten-junction copper-constantan thermocouple 
was shellacked to a glass ring that fitted the outside of the vaporizer. The electrical 
leads came through cement seals in the cover of the Dewar. The Dewar vessel was 
located in a hand-operated air thermostat. The outside ends of the thermocouples 
were located in the box near the copper outlet tube. It was possible to keep the tem- 
perature of the thermostat about a degree above tha t  inside the Dewar. This prevented 
the liquid from condensing in the outlet tube but a t  the same time reduced the conduc- 
tion of heat into the Dewar through the metal wires and tube. 

Experimental Procedure 
The hydrogen fluoride was prepared by the method of Simons.1 It was condensed 

directly into the vaporizer, which had been removed from the rest of the apparatus and 
placed in a freezing mixture. The outlet of the generator was a small copper tube that 
fitted inside the outlet tube of the silver vaporizer. Special precautions were taken to 
ensure that  no water vapor entered the vaporizer during the condensation. 

The vaporizer was screwed into place and the Dewar assembled. The space inside 

(1) Simons, THIS JOURNAL, 46, 2179 (1924). 
(2) Ibid. ,  64, 129 (1932). 
(3) Simons and Hildebrand, ibid., 46, 2183 (1924). 
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the Dewar was evacuated. When temperature equilibrium had been established with 
the liquid a t  its boiling point and the air thermostat at about a degree higher in 
temperature, the liquid was allowed to vaporize into the absorption tubes. By 
weighing the absorption tubes before and after a known length of time the amount 
of vaporization due to heat leak into the Dewar was determined, The actual deter- 
mination was made by finding the gain in weight of the absorption tubes for a known 
amount of energy supplied to the heating element in a given time. This was then 
corrected for the vaporization due to heat leak This correction factor was determined 
for every run. 

Fig. 1 

Results and Discussion 

The results are shown in the table. The calculated value of the heat of 
vaporization per gram was obtained by dividing Simons' value of the 
molar heat of vaporization by the apparent molecular weight determined 
in the vapor density determinations of Simons and Hildebrand. 

The fact that the experimental values agree closely with the calculated 
value indicates that the actual heat of vaporization does not involve the 
heat of dissociation of the polymer. The agreement does, however, 
confirm the molecular weight determinations of Simons and Hildebrand. 



Duration 
of run, Energy input 

min. volts amp. 

Weight HF 
vaporized, Correction," 

g. g. HF 

Heat.of 
vaponza- 
tion, cal. 

109 
84 

114 
80 
85 

119 

The above runs represent preliminary work 
Barometric pressure 750 mm. Average 98 

13arometric pressure 748 mm. Average 97.5 
Calculated heat of vaporization per gram = 6025/63.36 = 95. 
" This correction factor is obtained experimentally. I t  is the amount of hydrogen 

fluoride vaporized by the heat leak for the same time as the duration of the run. 

Summary 
The heat of vaporization of hydrogen fluoride has been determined ex- 

perimentally and found to agree with the value calculated from the vapor 
pressure and vapor density measurements. 

EVANSTON, ILLINOIS RECEIVED DECEMBER 3, 1932 
PUBLISHED APRIL 6, 1933 

Notes 
A Method for the Preparation of Telluric Acid 

Gutbier, and Gutbier and Wagenknecht,' prepared tellurates by the 
oxidation of tellurium or tellurous oxide with 15y0 hydrogen peroxide 
in solution of strong alkalies. Schluck2 oxidized tellurium with 60% hydro- 
gen peroxide to form telluric acid. 

The oxidation of tellurium and tellurous oxide is accomplished readily 
in sulfuric acid solution by 30% hydrogen peroxide. Best oxidation 
is obtained when a mixture of two volumes of 3070 hydrogen peroxide 
with one volume of concentrated sulfuric acid (the mixture being pre- 
pared a t  0') is refluxed with the sample. The active oxidizing agent is 
permonosulfuric acid. 

(1) Gutbier, Z. anora. Chem , 42, 174 (1904); Gutbier and Wagenknecht, zhzd , 40, 260 (1904) 
(2) Schluck, Monotsh , 37, 489 (1916). 
(3) Northwe~t Science, 6,  No. 3 ,  10&109 (1932) 
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To prepare telluric acid, tellurium (or tellurous oxide) was refluxed 
with the solution of hydrogen peroxide and sulfuric acid until dissolved 
and active effervescence of oxygen had ceased. The solution was filtered 
on asbestos and evaporated to incipient crystallization. Concentrated 
nitric acid was added to precipitate ortho-telluric acid, which was filtered 
off on asbestos. After heating to decompose the remaining nitric acid, the 
residue was dissolved in hot water, filtered and recrystallized. Telluric 
acid prepared in this manner showed no qualitative indication of sulfates 
or nitrates. 

Anal. Calcd. for oxygen to oxidize HCI, 6.97. Found, 6.95. Calcd.: tellu- 
rium, 55.54. Found, 55.56. 

Needle-Shaped Crystals of Sodium Chloride 
BY W. S. HINEGARDNER 

A few weeks before the appearance of the note,' "Needle-Shaped Crys- 
tals of Sodium Chloride Obtained by Percrystallization," the writer 
noticed a thick mat of fine needle-shaped crystals covering a semi-dry 
silica gel which had been set 
aside in a beaker covered with 
a watch glass. Analysis for 
chlorine, as well as solubility 
and taste, indicated practi- 
cally pure sodium chloride. 
The needles under these con- 
ditions developed usually to 
a length of 2-2.2 cm. The 
accompanying photograph 
shows the masses of needles 
that formed on the gel in one 
of the beakers. 

The gel was prepared from 
sodium silicate solution of 
specific gravity 1.1 18, made 
from crystalline hydrated so- 
dium silicate, and 3 Nhydro- Sodium chloride needles forming on fractured 
chloric acid. The needles ap- silica gel in a beaker. 
peared after the unwashed gel 
had dried sufficiently to fracture. Other specimens which have since dried 
sufficiently produced similar masses of the same needle-shaped sodium chlo- 

(1) Henry Tauber and Israel Kleiner, THIS JOURNAL, 64, 2392 (1932). 



ride crystals. The phenomenon is evidently a case of percrystallization, 
the outer layers of silica gel replacing the collodion membrane. 

We have been unable to find the formation of needles of sodium chloride 
under these conditions mentioned in the literature. Experiments have 
been started to determine if the substitution of hydrobromic or hydriodic 
acid for the hydrochloric acid will give needles of sodium bromide or 
sodium iodide. 

CONTRIBUTION FROM RECEIVED DECEMBER 10, 1932 
THE ROESSLER & HASSLACHER CHEMICAL CO., INC. PUBLISHED APRIL 6, 1933 
PERTH AMBOY, NEW JERSEY 

A Beaker for Quantitative Analysis 

In handling precipitates the quantitative analyst is frequently troubled 
as to the disposal of the stirring rod once filtration is commenced. If it is 
rested in the lip of the beaker, there is danger of transfer of precipitate 
from the lip of the beaker to the upper part of the stirring rod. If the 
stirring rod is rested a t  any other point on the rim of the beaker, i t  inter- 
feres with the cover glass. This difficulty may be avoided if the beaker 
has two lips, one of which is used entirely for pouring, the other for the 
stirring rod. The two lips may be distributed, of course, in any desired 
way, but symmetrical distribution is less convenient than unsymmetrical, 
for instance 90' apart, because of the difficulty of identification. If the 
lips are of different shape identification would be simple in any case. 
Beakers of this type have been found extremely convenient in quantitative 
analysis, and doubtless would be useful for other purposes. This idea is 
obviously equally applicable to glass dishes and porcelain vessels. 

DEPARTMENT OF CHEMISTRY RECEIVED JANUARY 26, 1933 
HARVARD UNIVERSITY PUBLISHED APRIL 6, 1933 
CAMBRIDGE, MASSACHUSETTS 
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The Aldehyde Oxidation of Toluenearsonic Acids 

Recently, Scott and Hamilton2 used the Bart reaction in the prepara- 
tion of 4-formyl-2-nitrobenzenearsonic acid and m-formylbenzenearsonic 
acid. Applying Thiele and Winter's m e t h ~ d , ~  they oxidized ptoluenear- 
sonic acid to 9-formylbenzenearsonis acid; obtaining a small yield. The 
preparation of p-formylbenzenearsonic acid and several ketone arsonic 
acids has been claimed in patents granted to Margulies4 and again in others 
granted to Albert.5 Margulies patented the derivatives of 4-formyl-2- 
nitrobenzenearsonic acid and 4-formyl-2-hydroxybenzenearsonic acidsS6 
while Albert7 also has been granted a patent for the latter. Streitwolf and 
Fehrle have been given a patent8 covering the thiosemicarbazones of several 
acetyl- and formylbenzenearseno compounds, in which the authors claim 
that the compounds can be made either by reducing the arsonic acid to 
the formylarseno compound and then preparing the thiosemicarbazone, or 
by first preparing the thiosemicarbazone of the aldehyde arsonic acid and 
subsequently reducing it. Quite recently Gibson and Levins have recorded 
the preparation of a number of derivatives of p-formylbenzenearsonic acid. 

The amino aldehydes, which are the starting compounds in the previous 
methods of preparing aldehyde arsonic acids, are costly and difficult to 
prepare. They tend to react with themselves, forming "Schiff bases," 
and are diazotized and coupled with arsenite with difficulty. The direct 
method of Rosenmundl0 in which an aryl halide is treated with tripotassium 
arsenite, has been applied to produce certain ketone arsonic acids in a 
patent granted to Albert and Schulenberg.ll It has been shown, however, 
by Hamilton and Ludeman12 that the reaction leaves much to be desired. 
This investigation was undertaken, therefore, to ascertain if the oxidation 
of the toluenearsonic acids would afford a simple and easier method of 
preparing aldehyde arsonic acids. 

The three isomeric toluenearsonic acids were oxidized with manganic 
oxide in sulfuric acid solution to the corresponding formylbenzenearsonic 
acids and isolated as the nitrophenylhydrazones. Manganese dioxide gave 

(1) Parke, Davis and Co. Fellow. 
(2) Scott and Hamilton, THIS JOURNAL, 6%, 4122 (1930). 
(3) Thiele and Winter, Ann., 311, 355 (1900). 
(4) Margulies, French Patent 562,460 (1923). 
(5) Albert, German Patent 459,648 Klo 12 (1917). 
(6) Margulies, British Patent 220,668 (1923); Swiss Patent 111,939 (1922). 
(7) Albert, Canadian Patent 280,834 (1928). 
(8) Streitwolf and Fehrle, U. S. Patent 1,785,660 (1930). 
(9) Gibson and Levin, J .  Chem. Soc., 2388 (1931). 

(10) Rosenmund, Bcr., 54, 438 (1921). 
(11) Albert and Schulenberg, German Patent 468,403 (1923). 
(12) Hamilton and Ludeman, THIS JOURNAL, 62, 3284 (1930). 
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similar yields with o-toluenearsonic acid but no unused arsonic acid could 
be recovered, whereas with the manganic oxide considerable amounts of the 
toluenearsonic acids were recoverable. 

It was found necessary to maintain a high acidity in the precipitation 
of the substituted hydrazones of aldehydes formed by oxidation with the 
oxides of manganese, since, if the strongly acid solutions were neutralized 
or partly neutralized, manganous salts of the arsonic acids precipitated. 

The oxidation with chromic anhydride, as carried out by Scott and 
HamiltonI2 was repeated with increased yields, but in the case of the 
p-toluenearsonic acid, ether extraction was the only successful method 
for separating the arsonic acid from the chromium. Metal salts of the 
arsonic acid, as well as the insoluble derivatives of the reactive aldehyde 
group, all contained chromium, which could not be precipitated, while 
precipitation of the chromium 2s chromic hydroxide was carried out only 
with difficulty and when accomplished i t  was found that most of the 
organic matter was carried down in the precipitate. When o-toluenear- 
sonic acid was so oxidized, the aldehyde was precipitated from the reaction 
mixture as the p-nitrophenylhydrazone, and although i t  contained chrom- 
ium as an impurity, it could be purified. 
N - (2 - Arsono - 4,6 - dinitrobenzal) - N1,N' - dimethyl - p - diamino- 

benzene was prepared by heating 2-methyl-3,5-dinitrobenzenearsonic 
acid with p-nitrosodimethylaniline and sodium @?o carbonate in alcohol, after the method of Sachs 

OzN 
and Kempf13 foi the preparation of N-(2,4-di- 

N(CH8)2 nitrobenzal) -N',N1-dimethyl-9-diaminobenzene. 
This reaction opens the way to .the preparation of derivatives of 2-formyl- 
3,5-diaminobenzenearsonic acid, since i t  should be possible to hydrolyze 
the condensation product to give 2-formyl-3,5-dinitrobenzenearsonic acid, 
and to convert this to some stable derivative, for example, the semicarba- 
zone. This semicarbazone could then be reduced to the semicarbazone 
of 2-formyl-3,5-diaminobenzenearsonic acid. Work on the hydrolysis of 
the condensation product is now being carried out. In the course of this 
investigation, two new substituted toluenearsonic acids, 2-methyl-3,5-di- 
nitrobenzenearsonic acid and 2-methyl-3,5-diaminobenzenearsonic acid 
were prepared, the first for the condensation reaction and the second to 
confirm the first. 

Several of the oxidation methods, which were attempted, did not give 
aldehydes, among these being fitard's method14 using chromyl chloride, 
cerium dioxide in sulfuric acid solution, lead dioxide, and sodium hypo- 
chlorite in the presence of nickel salts. Amy1 nitrite, which, according 
to a patent,15 reacts with 0- and p-nitrotoluene to give the oxirne of o- 

(13) Sachs and Kempf, Ber., 35, 1226 (1902). 
(14) ktard, Ann. chim. phys , [V] 22, 218 (1881). 
(16) Meister Lucius and Bruning, German Patent 107,096 (1898). 
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and p-nitrobenzaldehyde, did not react with either the sodium salt of 2- 
methyl-5-nitrobenzenearsonic acid, or that of 4-methyl-3-nitrobenzene- 
arsonic acid. 

Modification of the analytical method of Cislak and Hamilton,16 which 
was used to determine arsenic in this work, was found necessary, since 
the method failed to give accurate results, due to the sulfur dioxide which 
remained dissolved in the sulfuric acid unless the digestions were diluted 
a t  just the right temperature. This chance of error in the method was 
eliminated by diluting the digestions tn I25 cc , returning the Kjcldahl 
flask to the flame and boiling briskly for fifteen to thirty seconds. 

Experimental 
Oxidation of the Isomeric Toluenearsonic Acids with Manganic Oxide.--The 

proportions used in the oxidations in diluted sulfuric acid were: 1 part manganic oxide. 
1 part arsonic acid, and 6 parts of the sulfuric acid solution, by weight. In the oxidations 
carried out in concentrated sulfuric acid, 1 part manganic oxide, 1 part arsonic acid and 
3.6 parts of concentrated sulfuric acid were used. The manganic oxide was mixed with 
the sulfmic acid solution in an ice cooled flask, and the arsonic acid added. The flask 
was placed in the water-bath a t  the desired temperature and stirred until the disappear- 
ance of the dark brown color indicated that the manganic oxide was nearly all reduced. 
The addition of the oxide and of the arsonic acid to the concentrated sulfuric acid was 
made very slowly with rapid stirring and good cooling, and the smooth brown paste 
placed in the refrigerator, where it hardened to a firm cake. (If these precautions are 
not observed, the mixture grows hot, swells and hardens too rapidly, with a lowering 
of the yield.) After twenty-four hours the flask was removed from the refrigerator 
and placed in the water-bath. Its contents could not be stirred. All reactions were 
continued for ten hours unless the oxide was reduced before that time, except those in 
concentrated sulfuric acid at room temperature, which were allowed to stand for seven 
days a t  the temperature of the laboratory. 

In all cases, when the flask was remo

v

ed from the water-bath, the contents were 
diluted with water until the concentration of sulfuric acid was 30-40%, and the unused 
manganic oxide filtered off and washed well with boiling water. The combined filtrate 
and washings were diluted with water until there was 30 cc. for each cubic centimeter of 
sulfuric acid originally present. The solution was filtered and treated with p-nitro- 
phenylhydrazinehydrochloride solution until no more precipitate would form, allowed 
to stand for an hour and the practically pure nitrophenylhydrazone filtered off, washed 
and dried a t  105O. 

The unused manganic oxide from each oxidation was washed with ether, N sodium 
hydroxide solution, 10% sulfuric acid solution, and finally with water before drying. 
The unused toluenearsonic acid from each oxidation was dissolved in 40 cc. of dilute 
sodium carbonate solution, filtered and reprecipitated with hydrochloric acid. 

The concentration of sulfuric acid was varied from 30 to 96% and the temperature 
varied from room temperature to the boiling point of the solution, except in the case of 
the 96% sulfuric acid which was not heated above 100". The best average yield of o- 
formylbenzenearsonic acid was 24.8%, allowing for the recovered o-toluenearsonic acid, 
and was obtained using 96% sulfuric acid at room temperature. The greatest yield of 
p-formylbenzenearsonic acid was 11.S%, allowing for the recovered p-toluenearsonic 
acid, and was obtained using 96% sulfuric acid a t  SO0, while the best yield of m-toluene- 

(16) Cislak and Hamilton. THIS JOURNAL, 62, 638 (1930). 



arsonic acid was 7.4%, taking into consideration the recovered m-toluenearsonic acid, 
and was obtained using 40% sulfuric acid a t  the temperature of a boiling water-bath. 

The p-Nitropheny1hydrazones.-The fi-nitrophenylhydrazone of p-formylbenzene- 
arsonic acid precipitated as orange flocks which coagulated to  a yellow solid, insoluble 
in water and in ordinary organic solvents, but could be recrystallized with difficulty 
from glacial acetic acid. It was purified by making the solution of its sodium salt just 
faintly acid to litmus paper, and filtering, then acidifying the filtrate to  Congo red paper 
with hydrochloric acid; m. p. > 250 ". 

Anal. Calcd. for ClaHlzOrNds: AS, 20.53. Found: As, 20.53, 20.50. 

The p-nitrophenylhydrazone of o-formylbenzenearsonic acid precipitated as orange 
flocks which coagulated slowly a t  room temperature, rapidly a t  60°, to  a yellow solid. 
It was insoluble in water, but could be recrystallized from a large volume of alcohol as 
yellow needles; m. p. '201.5", corr. 

Anal. Calcd. for ClaHlzOsNaAs: As, 20.53. Found: As, 20.45, 20.49. 

The p-nitrophenylhydrazone of m-fonnylbenzenearsonic acid was an orange solid 
and was purified by reprecipitation from a solution of its sodium salt. It was but little 
soluble in organic solvents; m. p. > 250 ". 

Anal. Calcd. for cl3H~206N3As: AS, 20.53. Found: As, 20.52, 20.58. 

Phenylhydrazone of o-Formylbenzenearsonic Acid.-In addition to the p-nitro- 
phenylhydrazone used to determine the yields, a new compound, the phenylhydrazone, 
was prepared as follows. Twelve grams of o-toluenearsonic acid was oxidized with man- 
ganic oxide and sulfuric acid and after removing the unused oxide from the mixture, 
the remaining solution was treated with concentrated ammonium hydroxide solution 
until a trace of permanent precipitate formed. A solution of phenylhydrazine hydro- 
chloride, containing 2 g. of phenylhydrazine, was then added whereupon the phenyl- 
hydrazone precipitated as a yellow solid. This was suspended in 20 cc. of warm water 
and dissolved by adding sodium carbonate. The solution was neutralized with acetic 
acid, cooled in ice, and the sodium salt of the phenylhydrazone of o-formylbenzenearsonic 
acid precipitated as shining scales. These were filtered off, sucked as dry as possible 
(but not washed), dissolved in 300 cc. of water, filtered and the solution made acid to 
Congo red paper to  precipitate the arsonic acid. This was filtered off and dried in a 
vacuum desiccator over phosphorus pentoxide ; yield, 2.1 g. (1 1 .8yo). The substance 
darkened when dried a t  105', and decomposed between 131 and 13i0, depending on the 
rapidity of heating. It crystallized from hot alcohol as small yellow prisms. 

Anal. Calcd. for ClaHla03N2As: AS, 23.42. Found: AS, 23.45, 23.44. 

Oxidation of o-Toluenearsonic Acid with Manganese Dioxide.-Five grams of 
manganese dioxide with 8.3 g. of o-toluenearsonic acid was refluxed with 50 g. of 40% 
sulfuric acid solution for ten hours. The unused manganese dioxide was filtered off and 
washed thoroughly with boiling water. The filtrate and washings were combined, di- 
luted to  300 cc. and treated with p-nitrophenylhydrazine hydrochloride solution until 
no more precipitate formed. The p-nitrophenylhydrazone of o-formylbenzenearsonic 
acid was filtered, washed and dried a t  105', then over phosphorus pentoxide; yield, 
0.8 g. (6%). A similar oxidation using 10 g. of manganese dioxide gave 0.7 g. (7y0). 
Two reactions were carried out in bomb tubes. Both tubes contained 8.3 g. of o-toluene- 
arsonic acid, 5 g. of manganese dioxide and 50 g. of 40% sulfuric acid solution and were 
heated for ten hours, one a t  140" and the other a t  155O. The first gave 0.35 g. (3y0), 
the second gave 0.65 g. (7%). 

The filtrates, from which the p-nitrophenylhydrazone was taken, were decolorized 
with activated charcoal and concentrated to about one-third their former volume. On 
cooling, there was formed a small quantity of white needles which did not melt below 
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260'. These portions of needles were combined and recrystallized from hot water, and 
proved to be o-benzarsonic acid. 

Oxidation of p-Toluenearsonic Acid with Chromic Acid Anhydride.l7-Thirty 
granis of p-toluenearsonic acid was dissolved in a solution of 120 cc. of acetic anhydride. 
120 cc. of glacial acetic acid and 27 cc. of concentrated sulfuric acid, in a 500-cc. wide- 
mouthed flask, through the stopper of which passed a stirrer, thermometer and addition 
tube. The flask was cooled in ice and 24 g. of chromic acid anhydride added in small 
portions over a period of ninety minutes. The temperature was held at  5-10', and the 
mixture stirred vigorously during the addition and for forty-five minutes thereafter. 
The reaction mixture was then scraped into 300 g. of ice, dissolved and allowed to come 
to room temperature. The solution was extracted with one 400-cc. and three 100-cc. 
portions of ether. The aqueous layer was treated several times by alternately adding 
15 cc. of glacial acetic acid and extracting it with 75 cc. of ether. The ether extract 
was concentrated under reduced pressure to 100 cc., diluted with water to 250 cc., and 
again concentrated to 100 cc. I t  was then nearly neutralized with 6 N sodium hydroxide 
solution and filtered. The filtrate contained the p-formylbenzenearsonic acid, and from 
such solutions the derivatives described below were prepared. p-Nitrophenylhydrazone 
of p-formylbenzenearsonic acid was obtained in yields of 12% from the concentrated 
extract resulting from the oxidation of 15.8 g. of p-toluenearsonic acid. Phenylhydra- 
zone of p-formylbenzenearsonic acid was obtained in 8% yields from the concentrated 
extract produced by the oxidation of 30 g. of p-toluenearsonic acid. One and two- 
tenths grams (5.7y0) of the semicarbazone of p-formylbenzenearsonic acid18 was obtained 
from the concentrated extract obtained by the oxidation of 15.8 g. of the arsonic acid. 

Oxidation of o-Toluenearsonic Acid with Chromic Acid Anhydride.--Fifteen grams 
of o-toluenearsonic acid was oxidized by the method outlined for the para isomer. and the 
reaction mixture scraped into 200 g. of ice and dissolved. The solution was diluted to 
500 cc. and allowed to come to room temperature, then treated with 60 cc. of p-nitro- 
phenylhydrazine hydrochloride solution containing 2 g. of p-nitrophenylhydrazine. 
The yellow precipitate was filtered, washed, warmed with dilute sodium carbonate solu- 
tion, and the insoluble part filtered off and dissolved in 10 cc. of concentrated sulfuric 
acid in an ice-bath. The sulfuric acid solution was poured into 300 cc. of water, where- 
upon a yellow precipitate in a green solution was formed. This was filtered, the pre- 
cipitate washed and dissolved in dilute sodium carbonate solution, which was then 
combined with the original sodium carbonate filtrate. The resulting solution was made 
just acid to litmus paper and treated with activated charcoal while hot, then acidified 
to Congo red paper. The p-nitrophenylhydrazone of o-formylbenzenearsonic acid pre- 
cipitated as a yellow solid; yield, 1.0 g. (4%). 

2-Methyl-3,5-diitrobenzenearsonic Acid.-Using the method of Karrer,lg 2- 
methyl-5-nitrobenzenearsonic acid was prepared, and 30 g. of the carefully dried prod- 
uct dissolved in 60 cc. of fuming sulfuric acid (20% excess sulfur trioxide) in a 200-cc. 
flask. To this solution 22.5 cc. of red fuming nitric acid (sp. gr. 1.6) was added in small 
portions. A vertical tube 70 cm. long was fitted to the flask with a ground-glass connec- 
tion and the flask placed over a boiling water-bath. The water level was held just below 
the bottom of the flask, which rested on the rings that covered the bath. The solution 
was stirred through the tube and heated for four hours, then poured over six volumes of 
crushed ice. The 2-methyl-3,5-dinitrobenzenearsonic acid precipitated as white crys- 
tals. I t  was filtered off, washed with a little water, then suspended in 200 cc. of water, 
and concentrated ammonium hydroxide solution added with warming until all dissolved. 
The solution was made just acid to litmus paper with hydrochloric acid, and filtered 

(17) Scott and Hamilton, THIS JOURNAL, 6%, 4122 (1930). 
(18) Gibson and Levin, J. Chem. Soc., 2388 (1931). 
(19) Karrer, Ber., 48, 311 (1915). 
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warm through a mat of activated charcoal, and the filtrate acidified to  Congo red paper 
The substance precipitated as needles; yield, 23-24 g. (65-68%) of almost pure material, 
which was used in this form; m. p. 201-203'. The substance crystallized in two inter- 
convertible forms. When a hot solution was cooled rapidly, the product consisted of 
hexagonal plates, frequently elongated to needles, but when a cold neutral solution of the 
sodium salt was acidified slowly with hydrochloric acid, the plates were rectangular. 
The rectangular plates could also be produced by seeding a hot solution and cooling it  
slowly. 

Anal. Calcd. for C7HrO?NzAs: N, 9.15; As, 24.50. Found: N, 9.45; As, 24.58, 
24.55. 

Ammonium Salt of 2-Methyl-3,s-dinitrobenzenearsonic Acid.-Eight grams of 
2-methyl-3,5-dinitrobenzenearsonic acid was suspended in 60 cc. of water and concen- 
trated ammonium hydroxide solution added with warming until all dissolved. The 
solution was then just neutralized with hydrochloric acid and cooled. Scratching the 
beaker with a glass rod, or seeding, caused the ammonium salt to  precipitate as rhom- 
boidal scales which were filtered off, washed with 10 cc. of water and dried a t  105". 
They were soluble in water and the aqueous solution gave back the 2-methyl-3,5-di- 
nitrobenzenearsonic acid when acidified to  Congo red paper with hydrochloric acid. 

Anal. Calcd. for C ~ H ~ O O ~ N ~ A S :  AS, 23.20. Found: As, 23.11, 23.17. 

2-Methyl-3,s-diaminobenzenearsonic Acid and its Sodium Salt.-Ten grams of 
2-methyl-3,5-dinitrobenzenearsonic acid gave 3 g. (37%) of the corresponding diamino 
compound when reduced by the ferrous hydroxide method of Jacobs, Heidelberger and 
RolLZ0 The product was precipitated as fine needles, soluble in 3 N hydrochloric acid 
solution, but insoluble in water. 

Anal. Calcd. for CIHIIO&AS: AS, 30.46. Found: As, 30.50, 30.48. 

The sodium salt was prepared by dissolving the acid in dilute sodium carbonate 
solution and neutralizing the solution to litmus paper with hydrochloric acid. The 
sodium salt, separating as a yellow solid, was filtered off, washed with a little alcohol and 
dried a t  105". 

Anal. Calcd. for C7HloO3N2AsNa: As, 27.96. Found: As, 28.07, 28.10. 

N - (2 - Arsono - 4,6 - dinitrobenzal) - N',N1 - dimethy1diaminobenzene.-Twenty- 
five grams of 2-methyl-3,5-dinitrobenzenearsonic acid and 10 g. of anhydrous sodium 
carbonate were placed in a 500-cc. flask with a mixture of 75 cc. of ethyl alcohol and 75 
cc. of methyl alcohol. The flask was fitted with a reflux condenser and the contents 
refluxed on a water-bath. Carbon dioxide was evolved. After fifteen minutes re- 
fluxing, the flask was removed and 10.8 g. of $-nitrosodimethylaniline added, then re- 
turned to the bath and refluxed for two hohs .  The color of the solution changed from 
green to dark brown. The flask was again removed and the contents poured into an 
evaporating dish, where the alcohol was allowed to evaporate a t  30-35'. The black 
solid which remained was dissolved in 300 cc. of water and a small amount of insoluble 
material filtered off on a nlat of activated charcoal. The deep red-brown filtrate was 
then treated with glacial acetic acid until it was definitely acid to  litmus paper and a 
black precipitate formed, which wa.; filtered off and air dried; wt. 19 g. I t  was dissolved 
in dilute sodium carbonate solution and filtered then reprecipitated as before with acetic 
acid. This solution and reprecipitation was repeated two more times, with a final 
yield of 4.7 g. (13%), air dried. The product was bulky and gelatinous when freshly 
precipitated, and was difficult to  wash on the filter. It was therefore placed in a flask 
with 100 cc. of water and stirred rapidly with a mechanical stirrer for one-half hour, then 
filtered again. When dry, its volume always diminished greatly. It was ground in a 

(20) Jacobs, Heidelberger and Rolf, THIS JOURNAL, 40, 1580 (1918). 



mortar until all would pass through a 100-mesh screen and the sifted material dried 
several days in a vacuum desiccator over phosphorus pentoxide. 

The condensation product was black, but when the solution dried it left a purple 
film. It was soluble in 2 N hydrochloric acid, giving a red solution. When the sub- 
stance was boiled with water, acetic acid, ethyl or methyl alcohol, the liquid was colored 
deep purple, although it was not sufficiently soluble in these solvents for recrystallization. 

Anal. Calcd. for C16H1S07N&~: AS, 17.09. Found: As 16.85, 16.70. 

Summary 

I. The three isomeric formylbeazenearsonic acids have been prepared 
by oxidation of the corresponding toluenearsonic acid, using manganic oxide 
and sulfuric acid solutions, and manganese dioxide and sulfuric acid solu- 
tion. The aldehydes were isolated as insoluble derivatives of the carbonyl 

group. 
2. The oxidation of p-toluenearsonic acid, as carried out by Scott and 

Hamilton, has been repeated with increased yield of the p-nitrophenyl- 
hydrazone and the method applied to the oxidation of o-toluenearsonic 
acid. 
3. Derivatives of a new arsonic acid, o-formylbenzenearsonic acid, have 

been prepared. 
4. Two new arsonic acids, 2-methyl-3,5-dinitrobenzenearsonic acid 

and 2-methyl-3,5-diaminobenzenearsonic acid, have been described. 
5 .  2-Methyl-3,5-dinitrobenzenearsonic acid has been condensed with 

9-nitrosodimethylaniline to produce N-(2-arsono-4,6-dinitrobenzal)-N',N1- 
dimethyl-P-diaminobenzene. This is a new way of preparing derivatives 
of an aldehyde arsonic acid. 

6. An improvement in the potentiometric titration method for the 
determination of arsenic has been made. 

LINCOLN, NEBRASKA RECEIVED MAY 4, 1932 
PUBLISHED APRIL 6, 1933 



A New Procedure for the Duclaux Method 

Up to the present time no method is available which will give reliable 
results for the analysis of four volatile aliphatic acids by the Duclaux 
method. I t  has been found by the writer that the quantitative analysis by a 
chemical method of one of the four acids in the Duclaux distillate makes 
possible the reliable estimation of the remaining three acids by the Duclaux 
method. In fact the quantitative estimation of one or more acids by an 
accurate chemical method increases the accuracy of the results of the 
Duclaux method when a mixture of three or more acids is involved. In 
the following paper a brief outline of the new procedure will be illustrated 
by an example. 

In the new procedure for calculating the results of an analysis of mixtures 
of four volatile acids, one or more acids are determined quantitatively by 
chemical methods and the remainder of the acids may be determined 
quantitatively by Gillespie and Walters' graphic method.' 

The following acids have been used: formic acid 9&100% m. p. fi-8', 
acetic acid 99.9% m. p. 16.6', propionic acid b. p. 140-142O and n-butyric 
acid b. p. 161-163O, all obtained from high grade firms. 

In  mixtures of these four acids, formic acid may be determined by the 
mercuric chloride m e t h ~ d , ~  acetic because of its resistance to oxidation may 
be determined by the Macnair m e t h ~ d , ~  and propionic in the presence of 
acetic and formic only, by the oxalate m e t h ~ d . ~  

For example, a mixture of 7.90 cc. of 0.1 N formic, 5.35 cc. of 0 1 N acetic, 
4.90 cc. of 0.1 N propionic and 9.88 cc. of 0.1 N butyric acids is taken for 
analysis. One or more Duclaux distillations are made with the mixture, 
and the formic acid is determined either in the distillate or in the residue 
in the distilling flask by the mercuric chloride method. 

The amount of formic acid in the Duclaux distillate and distillate residue 
is determined by the mercuric chloride method. It is found to be equal to 
7.38 cc of 0.1 N. In Table I i t  is shown that 61.6% of the total formic 
acid comes over in the distillate. This amounts to 7.38 X 0.616 = 4.55 cc. 
of 0.1 N.  This quantity of formic acid is subtracted from the original 
titer figure of the distillate, Table 111; 23.30 - 4.55 = 18.75 cc. of 
0.1 N. 

The remainder, 18.75 cc., which consists of all the other acids except 
formic, is now used like the original distillate titer figure of an unknown 
distillate. The entire procedure is perhaps made more clear by the ac- 
companying Table 111. Let M represent the acid most volatile with 

(1) Gillespie and Walters, THIS JOURNAL, 89, 2027-2055 (1917). 
(2) Association of Official Agricultural Chemists, "Official and Tentative Methods of Analysis," 

2d ed.. 1925, Washington, D. C. 
(3) D. S. Macnair, Chem. News, 66, 229 (1887); Fresenius, Z. Anal. Chem., 27, 398 (1888). 
(4) McNair, TEIS JOURNAL, 64, 3249-3250 (1932). 



THE AMOUNS OF THE VARIOUS ACIDS TO BE POUND IN THE DUCLAUX DISTILLATE 

(GILLESPIE, WALTERS AND MCNAIR) 
Distillate, Formic acid, Acetic acid, Propionic acid, Rutyric acid 

CC CC. CC. CC. cc. 

19 3.4 6.4 11.2 16 4 
20 7 3 13.0 22.2 31 2 
30 11 5 19 7 32.7 44 8 
40 16.1 26 7 42.9 56 6 
50 21 3 34 1 52 7 67.3 
60 26 6 41 6 62.0 76.2 
70 33 0 49 9 70 9 84.0 
80 40 5 58.7 79.1 90.1 
90 49 6 68 7 86.7 94 8 

100 61 6 79.9 93 6 97.8 

PERCENTAGES OF TOTAL ACID CONTAINED IN 100 CC. OF DUCLAUX DISTILLATE (GILLES- 
PIE AND WALTERS) 

Distillate, Formic Acetic Propionic Butyric 
cc. acid acid acid acid 

10 6 .5  8.0 12.0 16.7 
20 13.0 16.3 23.7 31.9 
30 20.2 24.6 34.9 45.7 
40 27.8 33.5 45.8 57.9 
50 35.9 42.7 56.3 68.8 
60 44.8 52.1 66.2 77.9 
70 55.2 62.4 75.7 85.8 
80 66.8 73.4 84.5 92.1 
90 81.2 85.7 92.6 96.8 

100 100.0 100.0 100.0 100.0 

steam, I the intermediate, and L the least volatile with steam. In this ex- 
ample, M = B, or butyric, I = P ,  or propionic, and L = A, or acetic. 
Calculations are performed as indicated in Table 111. In this table 
B-  R is the percentage of butyric acid contained in the various fractions 
of the Duclaux distillate, as indicated in Table 11, less the figures under 
R in the preceding column in Table 111. Similarly B -A is butyric minus 
acetic and is obtained in a like manner from Table 11; B -P is determined 
in the same way. (~--P)/(B-A) is (M-  R ) / (M-L)  when it is assumed 
that the mixture is one of B, P ,  and A.  

It is now assumed that the mixture is B + P f A. (B -P)/(B -A) and 
(B-R)/(B-A) from Table 111 are plotted on graph paper as in Fig. 1. 
The first point is ignored in the calculations as the error in this, caused 
presumably by carbon dioxide, is too great. The figure shows in this 
instance that I + i = 0.40,l = 0.28, or 28%, the fraction of acetic acid in 
100 cc. of distillate; therefore i = 0.12, that is, 12% intermediate acid = 
propionic in 100 cc. of distillate. Now M, the fraction of butyric acid in 
100 cc. of distillate I-(1 + i) = 1-0.40 = 0.60. 
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Now, there is 18.75 cc. of 0.1 N as the total acid in 100 cc, of distillate. 
In this there is 

I = 0.28 X Qloo = 5.250 cc. of acetic 
i = 0.12 X Qloo = 2.250 cc. of propionic 
rn = 0.60 X Qloo = 11.250 cc. of butyric 
(3100 = 18.75 cc. of 0.1 N (other acids than formic) 

I/0.7784 = 1.285 acetic acid in the original 110 cc., since 77.81. is the per- 
centage of acetic acid coming over in 100 cc. of distillate (Table I). 

0.2 0.4 0.6 0 8 1 .O 
B - P / B - A .  

Fig. 1. 

I/0.9508 = 1.052 propionic acid in the original 110 cc., since 95.08 is the 
percentage of propionic acid coming over in 100 cc. of distillate (Table I). 
1/0.9774 = 1.023 butyric acid in the original 110 cc., since 97.74 is the 
percentage of butyric acid coming over in 100 cc. of distillate (Table I). 

Found, Present, Error, 
cc. of 0.1 N cc. of 0.1 N cc. of 0.1 N 

x = 1.285 X 5.25 = 6.75acetic 5.35 +1.40 
y = 1.052 X 2.25 = 2.37prop. 4.90 - 2.53 
z = 1.023 X 11.25 = 11.51 butyr. 9.98 +1.63 

7 .  386 formic 7.91 -0.53' 
Total 28.01 28 04 - 0.03 

Better accuracy could have been attained by taking special precau- 
tions with the technique throughout. The above, however, serves to illus- 
trate the new procedure. Details as to the method and calculations may 
be found in Gillespie and Walters' paper referred to above, to the senior 
author of which the present writer desires to acknowledge assistance with 
the calculations involved. 

The results of the analyses of high and low percentage mixtures of formic, 
acetic, propionic and butyric acids are shown in Table IV. 

Use of the Duclaux Method for Unknown Mixtures.-When more than 
four acids are present in significant quantities, more than one acid must be 

(5) This should be 7.83 and the error should be therefore 0.08 cc. 



determined chemically or the solution must be fractionated into mixtures 
containing only four acids in significant quantities before applying the 
Duclaux method. If necessary, the acids may be freed partially from 
their salts and distilled, as suggested by Liebig6 and Gillespie and Waiters.' 

To use the Duclaux method most successfully, the acids met with should 
be identified qualitatively before calculating the results. The tests sug- 
gested by Agulhon and rearrangement by Dyer seem the most practicable. 
These tests depend upon the relative solubility of the iron and copper salts 
of the fatty acids in various organic  solvent^.^ 

Summary 

A new procedure has been outlined, illustrated by an example, for the 
estimation of four acids by the Duclaux method. In the new procedure one 
or more acids are determined quantitatively by chemical methods and the 
remainder determined by the Duclaux method. 

(6) Liebig, Ann., 71, 355 (1849). 
(7) J. Biol. Chem., 28, 445-473 (1917). 

The Conductivity of Grignard Reagents in Ether Solutions 

BY W. V. EVANS AND F. H. LEE 

The conductivity of the Grignard reagent in ether solutions has been 
studied by numerous investigators. Kondyrew and Manojewl measured 
the conductivity of ethylmagnesium bromide at  various temperatures. 
Kondyrew and Ssusi2 studied the effect of dilution on the conductivity of 
ethylmagnesium iodide and postulated the formation of complex organic 
compounds at  certain concentrations. Recently DufTord and his co- 
workers3 investigated the effect of light on the conductivity of these solu- 
tions. In the present work we have extended this investigation to several 
other Grignard compounds. 

Experimental 
Preparation of Solutions.-Pure dry alkyl or aryl bromide was mixed with ether and 

added to dry magnesium turnings in slight excess of the amount necessary for the re- 
action RX $. Mg = RMgX. After reaction the flask was heated for two hours on a 
water-bath. All precautions were taken against the entrance of air and moisture. 

Measurement of Conductivity.-The conductivities of ethylmagnesium bromide, 
benzylmagnesium bromide, n-butylmagnesium bromide, phenylmagnesium bromide, 
and magnesium bromide have been measured a t  20, 0 and -10'. The solubility of 
magnesium bromide in ether is so small that  only the conductivity of dilute solutians of 

(1) Kondyrew and Manojew, Ber., 68, 464 (1925). 
(2) Kondyrew and Ssusi, zbid., 62, 1856 (1929). 
(3) Dufford, Phys. Rev., 36, 998 (1930); J .  Phys.  Chem , 34, 1544 (1930). 
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this salt could be obtained. Solutions half saturated a t  22" were used in the conduc- 
tivity measurements. From the specific conductivity of this solution of magnesium 
bromide a very rough approximation of the specific conductivity of a molar solution can 
be made. The results are given in Table I. 

Temp., 
"C. OHsMgRr CsHaCHzMgBr n-C2H7MgBr CsHsMgBr MgBr%(O.O705M) 

20 6.25 X 5.55 X 4.75 X 4.40 X 10F5 0.137 X 
6 08 X lo-& 6.08 X 4.50 X 5.00 X 
6 .14X10-5  6 . 0 0 X 1 0 - 5  4 . 7 1 X 1 0 - 5  4 .83X10-5  

6.16 X l o - &  5.88 X 4.65 X 4.74 X (1.93 X 

(4.16 X 10-6)" 
" Specific conductance of M MgBrs calculated. 

Order of Conductivity.-It is observed from Table I that  the order of 
the conductivities a t  any given temperature seems to be ethyl-, n-butyl-, 
benzyl- and phenyl- with magnesium bromide showing the least con- 
ductivity. The calculated specific conductivity of a molar solution of 
magnesium bromide is about one-third the conductivity of a molar solu- 
tion of ethylmagnesium bromide. We also observe that in all cases be- 
tween the limits of 20 and - 10" the conductivity of ethylmagnesium 
bromide is of the order of twice the value for phenylmagnesium bromide. 
Benzyl- and n-butyl-, however, seem to have approximately the same 
conductivity. We would, therefore, reach the conclusion that ethyl- 
magnesium bromide is the more highly ionized. In order to  test this 
conductivity further, measurements were made on 2 M and 0.5 M solutions 
of ethylmagnesium bromide and phenylmagnesium bromide. The results 
are shown in Tables I1 and 111. 

Temperature Coefficient 

Table I shows very definitely that all of these compounds have negative 
temperature coefficients between 20 and - 10". Ethylmagnesium bro- 
mide, for instance, has more than twice the conductivity a t  - lo0 that i t  
has a t  20". Benzylmagnesium bromide and phenylmagnesium bromide 
also increase but the increase is not so striking. We also note from Tables 
I1 and I11 that the 0.5 M solutions of ethylmagnesium bromide and 



SPECIFIC AND MOLAR CONDUCTIVITY OF ETHYLMAGNESIUM  BROMIDE^ 
Temp., 2 Molar 1 Molar '/2 molar 

"C.  L P L P L P 

20 18.3 x 10-0 9.2 X 6.14 X 10-6 6.14 X 10-2 1.62 X 10-6 3.24 x lo-? 
0 21.8 X 10-5 10.9 X 9.95 X lowh 9.95 X 10-3 3.99 X 7.98 X 10-2 

- 10 24.4 X 10-6 12.2 X lo-? 13.80 X 10-6 13.80 X 10-2 5.65 X 10-6 10.30 X 10-2 

Temp., 2 Molar 1 Molar ' / t  Molar 
"C.  L P L P L u 

" We realize that these solutions do not contain the theoretical amount of Grignard 
compound since a considerable quantity of magnesium halide is always formed. How- 
ever, we have discovered that the conductivity of this compound is slight compared 
to the conductivity of the complex compound in equilibrium with the simple Grignard 
reagent. Furthermore, we were determining the relative conduction of Grignard solu- 
tions as they exist. 

phenylmagnesium bromide have negative temperature coefficients. The 
conductivity of 2 M ethylmagnesium bromide, however, does not increase 
so markedly with decreased temperature and 2 M phenylmagnesium 
bromide has less conductivity a t  -10' than a t  20°, and hence a t  some 
concentration between 2 M and 1 M the temperature coefficient changes 
its sign. This same change in conductivity with temperature would no 
doubt take place with ethylmagnesium bromide. In fact, Kondyrewl 

found that 2.3 N ethylmagnesium bromide had a positive temperature co- 
efficient and a t  1.4 and 0.7 N the coefficient had a negative value. 

Effect of Dilution on Molar Conductivity.-Our results show that the 
molar conductivity decreases with dilution between 2 M and 0.5 M. This 
is just the opposite of the effect we would expect if this weak electrolyte 
was obeying classical dilution laws. These results are not in accord with 
Kondyrew's results for ethylmagnesium bromide owing to the fact that 
he was working with more concentrated solutions in most cases. They 
do, however, check his results for ethylmagnesium iodide where he finds 
conduction to increase with concentration to 4 N and then decrease. 
Facts such as are tabulated here can be explained by postulating a com- 
plex structure to the Grignard reagent such that in dilute solutions the 
ionization decreases with dilution. We are a t  present investigating this 
phenomenon by determining the migration rates of the ions and identify- 
ing the products of electrolysis. 

I .  The conductivities of ethylmagnesium bromide, benzylmagnesium 
bromide, n-butylmagnesium bromide and magnesium bromide have been 
determined at 20, 0 and -lo0 and a t  various concentrations. 
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2. The conductivity of the ethylmagnesium bromide solution is the 
greatest. The order of conductivity is ethylmagnesium bromide, n-butyl- 
magnesium bromide, benzylmagnesium bromide, phenylmagnesium bro- 
mide, and magnesium bromide. 

3. The conductivity in all cases except 2 M phenylmagnesium bromide 
increases with decreased temperature. 

4. Molar conductivity of ethylmagnesium bromide decreases with 
dilution. 

EVANST~P:, T L Z I N ~ I S  R-ECEWED JULY 1; 1932 
PUBLISHED APRIL 6, 1933 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, COLUMBIA UNIVERSITY 1 

The Relative Extractability of Vitamins B and G by Plain and 
Acidified Alcohol 

Introduction 
By adding gallic or tannic acid to the alcohol used in extracting wheat 

germ, McCollum and Krusel obtained a more potent extract of water- 
soluble B than by the use of plain alcohol. They interpreted their results 
to indicate that the solubility of the salt of the vitamin was greater than 
that of the vitamin itself, or that the molecular structure of these acids 
favored the formation of the salt. 

Water-soluble B has since been shown to comprise a t  least two factors, 
the antineuritic vitamin B, and the more heat-stable vitamin G. Since 
reviews of the literature have so recently been published by Kruse and 
McCollum2 and by Sherman and SmithJ3 a review of the solubility of 
the vitamins in alcohol is not included here. In general, both vitamins 
B and G are soluble in alcohol. Vitamin B appears to be soluble in ethyl 
alcohol of all concentrations, and vitamin G in the more aqueous solutions. 
However, Sherman and Sandels4 have found i t  necessary to consider the 
physical and chemical nature of the source material as well as the solvent 
and the method of extraction in evaluating the evidence regarding the solu- 
bilities (extractabilities) of vitamins. This paper reports the relative 
extractabilities of the two vitamins by plain and acidified alcohols from 
the same source material and under the identical extraction procedures. 
The original source material and the extracts and residues resulting from 
the alcoholic extraction were assayed for each of the vitamins. 

(1) McCollum and Kruse, Am. J. Hyg., 6, 197 (1926). 
(2) Kruse and McCollum, Physiol. Rev., 9, 125 (1929). 
(3) Sherman and Smith, "The Vitamins," Am. Chem. Soc. Monograph (1931). 
( 4 )  Sherman and Sandels, Proc. Soc. hxpll. Biol. Med. ,  26, 536 (1929); J. Nutrition. 3, 395 

(1931). 



Materials and Methods Used 
Skim milk powder was chosen as the source material in this study since it  contains 

both vitamin B and vitamin G, and is relatively richer in vitamin G, regarding which 
the less was known. A composite sample of the milk powder was used throughout the 
investigation. 

Ethyl alcohol 80% by weight was selected as solvent. Both vitamins were known 
to be soluble in plain alcohol of this strength, but not completely extracted from skim 
milk powder by it. To study the effect of acidification of the alcohol upon the extrac- 
tability of the vitamins, the alcohol was used plain and 0.1 M with respect to  gallic, 
benzoic and hydrochloric acids. These acids were selected, primarily because of their 
variety in structure, but also because of the varying hydrogen-ion activity in 0.1 M 
concentrations. 

The method of extracting the milk powder with the alcohols was as follows. To 
200 g. of skim milk powder was added 500 cc. of purified ethyl alcohol, 80% by weight, 
plain, or 0.1 M with respect to  gallic, benzoic or hydrochloric acid. The mixture was 
thoroxghly stirred, allowed to stand a t  room temperature (20 to  25") for one hour, stirred 
and allowed to stand for a second hour. The supernatant fluid was then decanted and 
filtered, and to the residue was then added 500 cc, of fresh plain or acidified alcohol; 
the mixture was stirred and allowed to stand for an hour, stirred again, and allowed to  
stand for a second hour, after which the solution was decanted and filtered, and the resi- 
due washed twice by decantation, each time with 200 cc. of the alcohol. The filtrates 
and washings of both extractions were combined and concentrated to about one-fourth 
of the original volume by distillation under reduced pressure (temperature about 30 ") . 
The concentrated filtrates and the residues were dried separately in evacuated desicca- 
tors over sulfuric acid, and were then ground to  a fine powder. Identical products 
were tested in parallel for each of the two vitamins under consideration. 

I n  principle and in most of the details, the methods used for testing the potency of 
these products in vitamins B and G and thus determining the relative extractability 
of the vitamins were those described by Chase and Sherman and by Bourquin and 

Results 

The results of this investigation are summarized in Table I. 

RELATIVE EXTRACTABILITY OF VITAMINS B AND G BY PLAIN AND ACIDLFIED ALCOHOLS 

Vitamin B Vitamin G 
Units

Q 

Percentage Unitsb Percentage 

Source material (skim milk powder), 100 g. 130 100 500 100 
Products resulting from treating 100 g. source material with: 

Plain alcohol 
Extract 75 60 50 10 
Residue 50 40 175 35 

Total recovered 125 100 225 45 

Alcohol, 0.1 M with respect to  benzoic acid 
Extract 
Residue 

Total recovered 
- 

(5) Chase and Sherman, THIS JOURNAL, 63, 3506 (1931); Bourquin and Sherman, ibid., 63, 3501 
(1931). 
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TABLE I (Cuncluded) 
Vitamin B Vitamin G 

UnitsQ Percentage Unitsb Percentage 

Alcohol, 0.1 M with respect to galiic acid 

Extract 60 45 150 30 
Residue 50 40 175 . 36 

Total recovered 1 10 85 325 65 

Alcohol, 0 1 M with respect to hydrochloric acid 
Extract 60 4 5 26 5 
Residue 50 40 I75 35 

Total recovered 110 85 200 40 
" As defined by Chase and Sherman. As defined by Bourquin and Sherman. 

Under the conditions of fractionation here employed, between 35 and 
40% of vitamin B was left in the residual matter, whether the alcohol 
used in the extraction was neutral or acidified. The extracts were some- 
what richer in the vitamin than the corresponding residues from the same 
quantity of source material and were found to contain about half of the 
vitamin B of the original material. From three-fourths to practically all of 
the vitamin B of the source material was recovered either in the residues 
or in the extracts. The apparent loss of vitamin B during the fractiona- 
tion was greatest in the case of the products prepared by means of alcohol 
acidified with benzoic acid. This apparent loss may perhaps be attributed 
to a destruction of the vitamin B by the benzoic acid or to the limitations 
of the biological method of assay. 

About one-third of the vitamin G of the source material was found to  
be left in the residual matter. With this vitamin as with vitamin B, acidu- 
lation of the alcohol had no apparent effect upon extractability. Perhaps 
these negative results may be due in part to the protein nature of the source 
material. However, in addition to their reaction with the protein certain 
acids when added to the alcohol used in the extraction did markedly in- 
fluence the stability of the extracted vitamin G. The extract prepared by 
the use of alcohol acidulated with hydrochloric acid contained practically 
no vitamin G whereas that prepared by the use of alcohol acidulated with 
gallic acid contained approximately 30% of the vitamin G of the source 
material. In no case were the extracts as potent in this vitamin as the 
corresponding residual matter. 

Large losses of vitamin G were encountered in every fractionation--over 
50% in every case except when the alcohol used in the extraction was 
acidulated with gallic acid. The least loss was encountered when gallic 
acid was added to the alcohol; the greatest, when hydrochloric acid was 
added. The high concentration of vitamin G found in the extract made 
by the use of alcohol acidified with gallic acid, a phenomenon also observed 
by McCollum and Kruse for the vitamin B complex, is not due to the 
greater solubility of the vitamin or its salt as suggested by those workers, 



since the increase in concentration of the vitamin in the extract was not 
accompanied by a decrease in the corresponding residual matter. Ap- 
parently the higher concentration is due to a conserving action which the 
gallic acid has on the vitamin in alcoholic solution and which is related 
perhaps-to the higher reduction potential of the gallic acid present. 

Bisbey6 found that losses of vitamin G in strong alcoholic solution can be 
considerably diminished by working as nearly as practicable under an 
atmosphere of nitrogen. Chick and Roscoe and Narayanan and Drum- 
mond7 have also observed inactivation of vitamin G in alcoholic solution. 
In  the investigation here described, the loss of vitamin G in the extracts is 
probably attributable in part to oxidation catalyzed both by acid and by 
alcohol. 

Summary 

1. Under the conditions of fractionation described, about half of the 
vitamin B of the source material was recovered in the extracts. The 
vitamin G content of the extracts varied widely, however. The extract 
prepared by means of alcohol acidified with gallic acid contained about 
30% of the vitamin G of the original material; that prepared by means of 
alcohol acidified with hydrochloric acid contained practically none. 

2. Approximately the same proportions of vitamin B and G, from one- 
third to two-fifths, were left in the residual matter. Acidifying the alcohol 
with benzoic, gallic or hydrochloric acid did not increase the extractability 
of either vitamin. 

3. Large losses of vitamin G were met in each fractionation but the 
addition of gallic acid to the alcohol used in the extraction appeared to 
conserve the vitamin G of the extract. 
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(6) Bisbey, Dissertation, Columbia University, 1930. 
(7) Chick and Roscoe, Biochem. J., 23, 504 (1929); Narayanan and Drummond, ibid., 24, 19 

(1930). 



Potentiometric Studies on Semiquinones 

I. General and Theoretical Part 
There are numerous aromatic compounds on an oxidation level inter- 

mediary between a quinone and hydroquinone, or between a diamine and 
a diimine, or between phenazine and dihydrophenazine, and comparable 
instances. The cases of a-oxymethylphenazine (pyocyanine),'" of a- 
o ~ ~ ~ h e n a z i n e ' ~ ~ ~ ~ ~ ~ ~  and of Wurster's dyes1" have been discussed in 
previous papers. A potentiometric study showed that the intermediary 
compounds are radicals with an odd number of electrons and of the same 
molecular size as the fully oxidized or the fully reduced form, and not bi- 
molecular meriquinones such as suggested by Willstatter and P i c ~ a r d . ~  
Our assumption is in agreement with we it^,^ who, in special cases, suc- 
ceeded in determining the molecular weight by the boiling point method. 
In contrast herewith, our method was a potentiometric one. 

Certain difficulties in the application and interpretation of the potentio- 
metric method had to be overcome to arrive at  these results. I n  the first 
place, the substances concerned may be, in one form or other of the three 
levels of oxidation, difficult to dissolve. This prevents the establishment 
of a homogeneous system during the oxidative or reductive titration and 
makes the interpretation of the titration curve difficult. An instance of 
this kind is phenazine, of which a green intermediary state of reduction has 
been known for a very long time. This difficulty can be overcome by 
applying an organic solvent, especially acetic acid. Another difficulty may 
arise from the fact that sometimes one of the three forms is an unstable 
molecule undergoing a rapid and irreversible rearrangement or destruction. 
In some cases, the intermediary form is the most unstable one, e .  g . ,  in the 
benzidine compounds. Sometimes the completely oxidized form is the 
most unstable, e .  g., in Wurster's dyes. In some cases the completely re- 
duced form is the unstable one, namely, in y, 7'-dipyridyl. 

None of the cases to be described in this paper shows any evidence that 
the radical might undergo a partial polymerization, in the way triphenyl- 
methyl partially associates to hexaphenylethane. The explanation may 
be found in the fact that all these semiquinones have the character of 
cations and very likely do not exist at  all or have only a very short lifetime 
in an un-ionized condition. It is, however, unlikely that two molecules of a 

(1) (a) Friedheim and Michaelis, J .  Biol. Chem , 91, 355 (1931); see also Elema, Rec. true, chm. 
Pays-Bas, 60, 807 (1931). (b) Michaelis, J. Bad Chem., 92, 211 (1931). (c) Michaelis, zbzd., 96, 703 
(1931). (d) Michaelis, Hill and Schubert, Bzochem. Z., 255, 66 (1932). (e) Michaelis, T H r S  JorJRNAL, 

53, 2953 (1931). 
(2) Willstatter and Piccard, Ber., 41, 1458 (1908). 
(3) (a) Weitz, 2. Elekfrochemie, 54, 538 (1928); (b) Weltz, Konig and Wistinghausen, Rer , 57, 

153 (1924); (c) Weitz and Fischer, ibid., 59, 432 (1926). 
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univalent cation should combine to any appreciable extent to form one 
molecule of a bivalent cation, for electrostatic reasons. In  contrast here- 
with, in the case of triphenylmethyl or diphenyl nitride, two electroneutral 
molecules associate to form a double molecule. 

To illustrate the matter, let us consider what takes place with phenazine. 
Disregarding all ionizations, we may write the three forms in this way 

I is the oxidized form of phenazine, I1 the intermediary form, which in the 
language of these formulas contains a "bivalent" nitrogen atom, and I11 
is the completely reduced form. Experience, however, shows that I1 
is obtainable only in acid solutions. On writing these formulas as they 
occur in moderately acid solutions, as univalent cations, we obtain 

Ia IIa IIIa 

I n  order to explain the existence of a molecule such as IIa we rewrite i t  
in the following way 

H +  

Here E means an electron. We assume that this electron has no definite 
place in one N-atom but is shared by both N-atoms. The outer electron 
shell of each nitrogen atom is a septet, and one odd electron alternatively 
fills up the one or the other septet to an octet. Each N-atom with a septet 
may be very unstable and liable to secondary, possibly irreversible, reac- 
tions. Nevertheless, its life-time will have some short duration (there are 
even cases known in which the septet is a fairly stable arrangement, as in 
triphenylmethyl and biphenyl nitride). Before any irreversible disruption 
happens to the whole structure, the septet is filled up again to form an 
octet. Thus the oscillation of the odd electron between the two septets 
imparts to the whole structure sufficient stability, even where the septet 
structure, without the support of the oscillating eighth electron, might be a 
more labile structure. 
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One way of picturing the status of the odd electron is to assume that this 
electron has a path around both N-atoms jointly. In this way, the situa- 
tion was tentatively pictured in the previous paper.le It seems advisable 
not to take this picture too literally. Mechanical models for atomic 
structures involving definite circuits of electrons have been abandoned by 
atom physicists. Suffice it to express the situation by saying that the 
probability of the odd electron being a constituent of the one nitrogen atom 
or the other is the same. At any rate this configuration is equivalent to an 
electric oscillator and can be considered responsible for the very intense 
coloring of these compounds. 

The molecule of formula IIa or IIb is a univalent cation. In  no other 
state of dissociation can the regular periodic oscillation be imagined. If 
this oscillation be the principle maintaining the structure of the otherwise 
labile molecule, the monovalent cation should be more stable than all the 
other forms of dissociation. In fact, all these semiquinones are stable only 
in moderately acid solutions; and in the case of the aromatic diamines i t  
will be shown in the special part that the lability is very considerably 
increased when, by changes in PH, the state of ionization is altered. 

The idea suggests itself to correlate the hypothesis of the alternating odd 
electron of the semiquinone-like molecules with the very distinct and 
beautiful band spectrum exhibited by the majority of these compounds 
(namely, all alkylated aromatic diamines, and the derivatives of 7,~'- 
dipyridyl) in their semiquinoid form. This is even more so as another 
group of radicals with an odd electron exhibits the same type of band 
spectrum, such as triphenylmethyl and related  compound^.^ It fits the 
hypothesis presented very well, that the very distinct band spectrum is 
shown, in the case of triphenylmethyl, by the electroneutral radical, 
whereas in the case of Wurster's dyes or the half-reduced dipyridyl com- 
pounds, the band spectrum is encountered in the form of the univalent 
cations. 

11. Special and Experimental Part 

1. Materials Used.-Dimethyl-, tetramethyl-, diethyl- and tetraethyl-p-phenyl- 
enediamine were used in the form of the commercial hydrochlorides (Eastman), the two 
first mentioned after recrystallization according to previous directions1* without changing 
the results. 

Diphenyl-p-phenylenediamine was prepared according to v. Bandrowskis and 
Calm,6 by what the first of these authors calls his third method. 

y, y-Dipyridyl was prepared in the following way. Diacetyl-[tetrahydro-y, y '-di- 
pyridyl] was prepared according to Dimroth and Heene.? This substance on suitable 
oxidation directly yields y, y '-dipyridyl. This oxidation is a somewhat variable reaction, 
the yields differing widely. Dimroth and Heene recommend the bubbling of oxygen 

14) Meyer and Wieland, Ber., 44, 2557 (1911). 
(5) V. Bandrowski, Monatsh., 8, 475 (1887). 
(6) Calm, Ber., 16, 2786 (1883); cf. p. 2805 
(7) Dimroth and Heene, ih id . ,  64, 2934 (1921). 



through the suspension of the above substance. We found the following method most 
convenient. The freshly prepared substance was exposed to the air at  48' in an open 
dish for two or three days until it had been converted into dark brown lumps with a 
strong smell of acetic acid. Ten grams of these lumps was suspended in 300 cc. of 
water and ten grams of manganese dioxide added and the mixture shaken at  room tem- 
perature for half an hour. Then enough saturated solution of disodium phosphate is 
added to bring the acid reaction almost to neutrality. The liquid is now fdtered off. 
I t  is yellow-brown in color. By adding a suitable amount of sodium hydroxide the 
y,y'-dipyridyl directly crystallizes in white, shiny needles. The yield is far from the 
theoretical but satisfactory for the preparation. 

N,Nr-Dimethyl-y,yf-dipyridylium chloride was prepared in the following way. 
Five-tenths gram of y,yl-dipyridyl is heated in a test-tube with 3 cc. of dimethyl 
sulfate for a short time until the crystals are completely dissolved. This solution is 
poured into 30 cc. of water, the excess of dimethyl sulfate removed by washing with 
ether, enough aqueous solution of picric acid is added to bring about a complete precipi- 
tation of thc picratc. Thc crystals are collected on a Buchner filter, washed with picric 
acid solution and shortly with water, then dried. After grinding, they are suspended in 
a rather strong hydrochloric acid solution. For each gram of the picrate 40 cc. of con- 
centrated hydrochloric acid plus 160 cc. of water is an appropriate amount. This sus- 
pension is heated to complete solution, and while still warm, before recrystallization 
starts, is extracted with toluene. This extraction is repeated later on with ether, to the 
complete removal of the picric acid. The colorless solution is evaporated to dryness, 
either on a steam-bath, or in vacuu at  50°, the dry residue dissolved in methyl alcohol. 
Then benzene is added. This solution is heated on the steam-bath until enough methyl 
alcohol has been removed to allow a separation of the chloride of the base. The crys- 
tals are filtered off, washed with benzene, dried and redissolved in ethyl alcohol. On 
addition of a suitable amount of benzene, crystallization begins. In the ice box beauti- 
ful, long, shiny, colorless needles are formed and can be collected on a filter. Five- 
tenths gram of r,?'-dipyridyl gave 0.53 g. of the dry chloride of the ammonium base, or 
65y0 of the theoretical yield. 

The analysis gave the following results (Dr. Elek): C, 55.11; H, 5.70; N, 11.07; 
C1,26.59. Calcd. for C12HlrNaC12: C, 56.25; H, 5.47; N, 10.94; C1,27.34. 

Benzidine, o-tolidine, tetramethylbenzidine were commercial preparations, recrystal- 
lized. Tetrabromobenzidine and dibromotolidine were prepared according to S~h lenk .~  

Phenazine was prepared in the following way, which is rather obvious, though we 
could find no reference to just this modification probably because of the small yield pro- 
curable by the method. 

Two grams of pyrocatechol is dissolved in 250 cc. of dry ether. Twenty grams of 
dry lead peroxide is added. After shaking for thirty minutes the lead peroxide is re- 
moved by filtering and washed out with some more ether. The red-brown filtrate is 
mixed with a solution of 2 g. of o-phenylenediamine in a mixture of glacial acetic acid and 
ether. After an hour this ether solution is extracted successively once with 2y0 hydro- 
chloric acid, twice with 5% sodium hydroxide and with water. The remaining ether 
is amber-yellow. The ether is evaporated and the residue sublimed in vacuo. After 
one sublimation the sample melted at  171 O .  Nitrogen, 15.46; calcd., 15.55y0. 

Methoxyphenazine was prepared according to Wrede and Strack9 with a slight 
modification especially in the preparation of the asymmetrical pyrogallol monomethyl 
ether, which is requisite for the synthesis, as described in a previous paper.1e 

A series of various naphthazonium compounds was placed at  our disposal by Dr. 
W. A. Jacobs. Thank5 are due to him. 

(8) Schlenk, Ann , 363, 313 (1908) 
(9) Wrede and btrdck, Z. fih3.rtoE Chem , 181, 58 (1929), Aer , 62,2051 (1929). 
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The methods of titration are the same as described in previous papers.1° All ti- 
trations were performed in a stream of nitrogen purified by heated copper." 

Special Part 

1. The Alkylated Aromatic Diamines.-In p-phenylenediamine the 
first step of oxidation is too labile a compound to be worthy of a careful 
study On oxidation with bromine or any other strong oxidant it turns 
successively to light yellow, green, red, colorless. The first yellow product 
is probably the semiquin- +Q,450r I I I 

one, but the potentials 
drift too much for any re- 
liable information. Pic- 
card12 considers the green 
stage as what he called the 
meriquinone. I t  is possi- 
ble that he did not give 
attention to the first yel- 
low stage which is obtained 
by adding a very small 2 
amount of oxidant to a ? +0.350 

large excess of the diamine 2 
in the PH range of the 
acetate buffer. 

I n  asymmetrical di- 
methyl-p-phenylenedi- +o.300 

amine, the substance pro- 
duced in the first stage of 
the oxidation, Wurster's 
red, is much more stable, o-,,J . . - 2L 

BWO 

and  in  te t ramethyl-#-  +0.25 

phenylenediamine i t  is a 
perfectly stable substance 0 25 50 75 100 

Percentage oxidation. 
(Wurster's blue). In pres- 

Fig. 1.-Independence of the normal potentials of 
of an excess of the tetramethyl-p-phenylenediamine on the initial concen- 

unOxidized diamine* the tration: potentials are plotted against percentage of 
potentials are perfectly oxidation; ordinate is potential in volts; abscissa is per- 
stable. Otherwise even centage of oxidation; potentials referred to the normal 

with the tetramethyl hydrogen electrode; PH 4.620, varying no more than 
*0.01 in the individual titration experiments. 

pound, a drift of the poten- 
tial occurs due to the fact that the second step of oxidation, the tetra- 
methyl-diimonium compound, is extremely labile. Stable and interpretable 
potential readings can be obtained, therefore, only up to about 60-70010 of 

(10) Michaelis and Eagle, J. Biol. Chem., 87, 713 (1930) 
(11) Michaelis and Flexner, ibid., 79, 689 (1928). 
(12) Piccard, BPT , 46, 1843 (1913). 



the theoretical end-point of the titration of the first step. Therefore, in the 
previous paper only the first half of the curves was used to calculate the re- 
sults. It isdesirable, however, to prove that the neglect of the second half 
of the curve, with drifting potentials, is justified. Such proof can be given 
by showing that a number of consequences ensuing from our interpretation 
can be corroborated by independent methods. There are three corollaries 
of our interpretation: (a) if our hypothesis is correct, the potential, as 
plotted against percentage of oxidation, should be independent of the initial 
concentration of the substances. In part this has been shown in the pre- 
vious paper.le It can, however, be shown to a much greater extent by the 
following experiments (see Fig. 1). 

(b) If the hypothesis is correct, the amount of a mono-equivalent 
oxidant used up at  the supposedly 50% point of the titration should be half 
the molar amount of the initial diamine. This is proved by the data 
shown in Table I. 

5.17 X MOLE OF DIMETHYL-p-PHENYLENEDIAMINE HYDROCHLORIDE DISSOLVED IN 

20 Cc. OF ACETATE BUFFER, PH 4.62, AND TITRATED WITH BROMINE, THE WHOLE 

TITRATION LASTING ABOUT THREE MINUTES 

E calculated according to the formula E = 0.447 + 0.0601 log % oxidation/100 - 
% oxidation. 

Br, yo Oxidation, E in volt 
soln., cc. to the first step Obs. Calcd. 

0.0 0 . 0  
.250 10.8 + O .  394 +O .392 
,641 27.6 ,424 .422 
,988 42.5 ,440 .439 

1.398 60.2 456 ,457 
1.780 76.7 470 ,478 
2 082 89.7 .478 .503 

By titration, 10 cc. of the bromine solution after adding an excess of potassium 
iodide, used up 2.255 cc. of N/10 sodium thiosulfate. A t  the midpoint (50% oxidation), 
1.16 cc. bromine had been used up according to  graphic interpolation. 

1.16 X 2.255 X = 2.61 X gram atom of bromine used for one-half of the 
first step of oxidation and = one-half the initial concentration of the diamine (2.59 X 
10-5). 

" All potentials in this paper are referred to the normal hydrogen electrode. They 
were measured against a saturated calomel half cell the potential of which was fre- 
quently checked by comparison with the hydrogen electrode in standard acetate buffer 
the PH of which was taken as 4.620. The temperature was always 30 * 0.1 and main- 
tained by working in a constant temperature room. 

(c) If the hypothesis is correct, a series of titration curves over a wide 
range of PH would enable us to draw a plot showing the normal potential 
as a function of PH. The slope of this curve should be constant as long as 
no change of the dissociation interferes. Considering the state of ioniza- 
tion in moderately acid solution, we have to assume the primary cation 
(formula A) for the diamine, where R is alkyl or hydrogen, and the formula 



B for the oxidized form. These two molecules differ by one hydrogen 
atom, hence the slope of our curves should be 0.06 volt per PH unit in 
moderately acid solutions. This is true, as Fig. 2 N R ~ H +  

shows. It is obvious that this slope cannot be 
maintained throughout all ranges of PH. In fact, 
the diagram (Fig. 2) shows bendings of the slope at  

(J 5) 
either end of the curves. Where these bendings 
begin, the potentials become so strongly drifting NRz NRt+ 

that accurate determinations of the normal poten- A B 

tials become difficult or even impossible. The change of the slope indicates 
that the substances change their state of dissociation. It fits very well the 
theory presented, that simultaneously with the change of dissociation the 
stability of the substances is lost. The arrows in Fig. 2 show the dissocia- 

Pa. 
Fig. 2.-Normal potentials are plotted against Pa for the four alkylated 

diamines as follows: x, diethyl-p-phenylenediamine; 0 ,  dimethylphenylene- 
diamine; 0,  tetraethylphenylenediamine; A, tetramethylphenylenediamine; 
ordinates, normal potential in volts; abscissas, PH; potentials referred to  the 
normal hydrogen electrode. 

tion exponents of the diamines (in their original, reduced form) as directly 
determined by acidimetric titration with the hydrogen gas electrode. 
They agree fairly well with the bends of the curves considering the limits 
of error in those PH ranges where the potential drift becomes disturbing. 
Tables 11, 111, and IV are records of representative individual titration 
experiments, included to show the agreement between our observed po- 
tential values and those calculated according to the theory. The agree- 



ment is in general much better for the tetramethyl compound because there 
is practically no drift of the potential up to about 60% of the oxidation. 
This statement is in an unexplainable contradiction to the one of Clark, 
Cohen and Gibbs,13 who report stronger drifts for the tetramethyl than 
for the dimethyl compound. 

TETRAMETHYL-p-PHENYLBNEDIAMINB 
Oxidant, bromine. PH, 3.657 (ace- 

tate buffer). Concn. = 2 mg./20 cc. = 
M/2000. E = 0.420 + 0.0601 log % oxi- 
dation/ (100 - % oxidation) 

Observed Calculated 
O/o oxidation potential potential 

4.09 +0.3420 +0.3381 
10.0 ,3639 ,3632 
15.3 ,3766 .3760 
23.1 ,3894 .3889 
30.4 .3995 .3991 
37.6 .4075 ,4072 
44.5 ,4151 ,4149 
53.06 ,4229 .4231 
60.2 .4293 .4317 
70.1 .4379 .4422 
78.2 .4442 .4532 

i'he agreement of the observed and cal- 
culated values is satisfactory up to 53% of 
oxidation. 

TETRAMETHYL-p-PHENYLENEDIAMINE 
Oxidant, bromine. PH, 4.628 (ace- 

tate buffer). Concn. = 0.5 mg./20 cc. = 
M/8000. E = 0.365 + 0.0601 log O/n oxi- 
dation/(100 - yo oxidation) 

Observed Calculated 
% oxidation potential potential 

11.2 +0.3143 4-0.3130 
18.2 .32R? 3261 
25.7 ,3387 ,3380 
34.5 .3492 ,3483 
43.2 ,3580 ,3579 
48.8 ,3639 ,3638 
57.7 .3725 .373 1 
66.7 ,3812 ,3831 
76.3 .3909 ,3954 
85.2 ,4010 .4100 
94.6 .4120 ,4390 

Agreement between observed and calcu- 
lated values is satisfactory up to about 
60% of oxidation. 

TABLE IV 
DIMETHYL-p-PHENYLENEDIAMINE 

Oxidant, bromine. PH, 4.620 (acetate buffer). Concn. = 2 mg./2O cc. = M/1725 
E = 0.450 + 0.0601 log % oxidation/(100 - % oxidation) 

% oxidation Observed potential Calcd. potential 

8.26 +O ,3886 +O ,3873 
19.2 .4140 ,4126 
40.3 ,4409 .4402 
52.3 ,4520 ,4523 
71.5 ,4710 ,4739 
88.8 ,4877 .5039 

Note to Tables I1 to 1V.-Duration of the whole titration experiment for the di- 
methyl compound two to three minutes. For the tetramethyl compound the duration 
of the experiment is irrelevant up to 60% of oxidation. 

2. Phenylated Diamines.-The diimines of the phenylated aromatic 
diamines, in contrast to those of the alkylated ones, are stable substances. 
Symmetrical diphenyl-9-phenylenediimine was described under the name 
of azophenylene by v. Bandrowski14 as a red dyestuff. The quinhydrone- 
like intermediary form has been described by Piccard.12 It is a fortu- 

(13) Clark, Cohen and Gibbs, Public Health Reports, Suppl No  54 (1926) 
(14) Von Bandrowski, Monntsh., 8, 475 (1887) 



nate circumstance that in this case the substances produced a t  each 
stage of oxidation are both stable compounds. The difficulty in obtaining 
good titration curves consists only in the insufficient solubility of the 
diamine itself in aqueous media. Yet the solubility in acetic acid is satis- 
factory. I t  is not necessary to work in water-free acetic acid. A mixture 
of 90% glacial acetic acid and 10% water is sufficient and offers the ad- 
vantage of a higher electric conductivity. Diphenyl-p-phenylenediarnine 
was dissolved in the medium and titrated with a solution of bromine in the 
same medium. The potentials showed scarcely any drift except toward 
the end of a titration, and an easily reproducible curve could be obtained. 

DWHENYL-p-PHENYLENEDIAMINB-HC1 
Solvent, 90% acetic acid. Oxidant, bromine, in the same solvent. PH, -0.49 

(90% HAc).O Concn. = 1 mg./20 cc. 
1st step 2nd step 

oxid. 
E = 0.592 + 0.0601 log 1 0 0 % O ~ ~ n i z ,  E = 0.795 + 0.601 log - % oxid. 

Observed Calcd. Observed Calcd. 
';7, oxid. potential potential % oxid. potential potential 

10 2 f0.5405 +0.5386 12.2 f 0.7375 +0.7436 
31.1 ,5735 5727 37.6 ,7820 ,7819 
40.0 .5830 ,5825 62.6 ,8080 ,8083 
54.5 ,5980 ,5977 81.4 ,82309 ,8330 
70.0 ,6155 ,6147 98.0 ,83559 .a660 
86 5 .6395 ,6404 9 signifies drift of the potential 

" The PH has been calculated from the potential of the hydrogen electrode as though 
it were an aqueous solution. 

These experiments show both steps of the oxidation, and these two steps 
do not overlap as in the case of Wurster's dyes, but are separated by a 
distinct jump (Fig. 3 and Table V). So, the normal potentials of both 
steps of the oxidation can be determined and they were found also to be 
independent of the initial concentration of the substance. The slope of the 
curve for each step was precisely the one expected for a one-electron system. 

3. The Benzidine Compounds.-Much time was devoted, without 
success, to a search for some benzidine compound which might give a non- 
drifting potential curve a t  any PH in which the green intermediary oxida- 
tion form is developed in any solvent. We tried benzidine, o-tolidine, 
tetramethylbenzidine, dibromotolidine and tetrabromobenzidine. I t  may 
be mentioned that in very acid solution with tolidine a regular titration 
curve could be obtained as in any ordinary dyestuff without any inter- 
mediary green form. This is a confirmation of the statement made by 
Clark, Cohen and Gibbs.I3 

4. 7,~'-Dipyridyl and Dimethyl-dipyridylium Chloride.-When 7,y'- 
dipyridyl, dissolved in diluted acetic acid, is reduced by chromous chloride, 
a deep violet color is developed. The substance so produced has been 
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studied by Dimroth and Heene15 and found to be on the oxidation level of 
a quinhydrone, intermediary between dipyridyl and a hypothetical dihydro- 
dipyridyl. It is easily reoxidized to dipyridyl. When the reduction is 
performed with a still stronger reductant, zinc dust, the reduction goes 
through this violet stage to a second colorless stage, and this second reduc- 
tion is irreversible. I t  is obvious from these remarks that the potential 
range even of the first step of reduction lies in a hydrogen overvoltage 
range. Thus i t  is not surprising that we could not obtain trustworthy 
potential curves by reducing y,yr-dipyridyl with chromous chloride. 

Cc. of bromine. 
Fig. %.-Titration curve for diphenyl-p-phenylenediamine in 90% 

acetic acid: ordinates, potentials referred to the normal hydrogen 
electrode; abscissas, cc. of bromine solution. 

The violet dye can be produced only in moderately acid solutions. 
According to the reasoning presented in the general part of this paper, 
the radical should be stable only in the form of a univalent cation. I t  
thus appeared probable that an increase in the basic character of the radical 
would increase its stability. Since the quaternary ammonium bases 
derived from pyridine are more strongly basic than the original substance, 
we examined an alkylated dipyridyl. When N,Nf-dimethyl-yIyf-di- 
pyridylium chloride was reduced a deep blue color was developed, with one 
distinct absorption band, the maximum of absorption being 602 mp, 

(15) Dimroth and Heene, Ber., 64, 2984 (1921); Dimroth and Frister, i b id . ,  66, 3693 (1922). 



whereas that of the unsubstituted 7,~'-dipyridyl dye is 582 mp. According 
to expectation this dye was developed also in alkaline solution, and in this 
case sodium hydrosulfite could be used as a reductant. The reductive 
titration of this quaternary ammonium compound in alkaline solution with 
sodium hydrosulfite gave very distinct potential curves. The potentials 
were instantaneously established and showed only a slow drift even in 
strongly alkaline solutions. Titration experiments, when performed not 
too slowly, gave reproducible titration curves which leave no doubt about 
the mterpretation. The colorless solution turns blue on adding the re- 
ductant and the end of the first step of titration is recognizable by a jump 
of the potential to a more negative level. The second titration curve 
cannot be completed because it lies in the range of hydrogen overvoltage 
even in alkaline solution. 

The slope of the titration curve for the first step of reduction is the one 
for a one-electron system. If i t  is true that the original substance has the 
molecular size of a dipyridyl compound, then the blue, reduced form must 
have the same molecular size and hereby it is proved that this blue dye is 
also a semiquinone-like radical. The normal potential was -0.446 volt 
according to the best experiments performed by rapid titration and this 
result varied, between PH 8.4 and 13, no more than might be expected in 
systems of a not entirely stable nature, namely, only by a few millivolts. 
This observation suggests that the normal potential is independent of PH 

and, according to the PH, therefore, is in the hydrogen overvoltage range 
in acid solution, but is in the well measurable potential range in alkaline 
solution. The assumption of the independence of PH can be theoretically 
justified by the following argument. This compound, being a quaternary 
ammonium base, will be ionized even in alkaline solution and may be 
formulated both in acid and in alkaline solution as in Formula I, which 
represents a bivalent cation. The reduction con- CH,+ 
sists in the acceptance of one electron, which will 
be shared by the two ammonium groups as in 
Formula 11. This is a univalent cation. It is also 
of the character of a very strong base and will re- 
main ionized even in alkaline solution. As I and 

Q Q'+) 
I1 differ only by an electron and not by a hydrogen 0 N 0) 
atom, the normal potential will be independent of CHa+ CH3+ 
Pa. This behavior enables us to use this ammon- I I1 

ium compound as an oxidation-reduction indicator for a potential range 
in the very neighborhood of the hydrogen potential. 

The above interpretation of the structure of the violet or blue dyes 
originating from the reduction of y, y'-dipyridyl and related compounds is 
a t  variance with that of Emmert,16 who considers that the compounds of the 

(16) Emmert, Ber., 53, 370 (1920) 
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type of dipyridyl dissociate into two radical-like molecules, just as hexa- 
phenylethane splits into two molecules of triphenylmethyl. Our interpre- 
tation also deals with radicals but without splitting of the dipyridyl nucleus 
into two halves. Dimroth assumes for the violet dye, generated by reduc- 
tion of y,yt-dipyridyl, a bimolecular formula such as was customary for 
Wurster's dyes. The potentiometric titration curves are a t  variance with 
this interpretation, not only for Wurster's dyes but also for that particular 
dipyridyl dye which was accessible to a potentiometric study. Weitz3 

was the first to advocate the radical formula. 
5. Phenazine and its Derivatives.-It was a phenazine derivative 

which, due to its very obvious two step oxidation and its great stability in 
all of its three stages of oxidation-reduction, gave the impetus for this 
whole investigation, namely, pyocyanine, the blue dyestuff of Bacillus 
pyocyaneus.la I t  was recognized by Wrede and Strack17 as a phenazine 
derivative and was considered by these authors as a polymerization product 
of two molecules of a-oxy-N-methylphenazine. I t  was however shown by 
Friedheim and Michaelisla that it is simply a-oxy-N-methylphenazine 
itself. I t  was shown by ~ i c h a e l i s l ~  that a-oxyphenazine which also was 
first synthetized by Wrede and Strack17 showed the same behavior. The 
particular suitability of these dyes other than their stability in all forms of 
oxidation-reduction, consists in the fact that they are sufficiently soluble 
in water and accessible for titration curves in all PH ranges. This matter 
has been exhaustively examined in previous publications.la~b~cP 

On further investigation i t  became manifest that many other phenazine 
compounds behave in the same way, with the difference that most of them 
are not water soluble enough, especially in the completely reduced state, 
to allow the use of the potentiometric method in aqueous solution, and 
many of those soluble in water did not show this phenomenon but behaved 
like ordinary dyestuffs. No phenazine dye containing an amino group 
showed two steps of reduction in any solvent or at  any PH. The following 
showed no intermediary form of reduction : symmetrical and asymmetrical 
diaminophenazine, triaminophenazine, m-methylrosinduline, N-dimethyl- 
isorosinduline, asymmetrical anilinoaminophenazine, aminoacridine, asym- 
metrical aminohydroxyphenazine, rosinduline, l8 isorosinduline, phenyl- 
acridine. In contrast herewith phenazine itself and those phenazonium 
compounds containing no amino groups showed two steps of reduction: 
phenazine, a-oxyphenazine, a-methoxyphenazine, phenylnaphthazonium 
nitrate, phenylisonaphthazonium nitrate, methylnaphthazonium chloride, 
rosinduline GG (Rosindon-monosulfonate). The semiquinoid forms are 
green in all phenazine derivatives, and red to violet in the naphthaphen- 
azine compounds. Many of the semiquinoid forms have been known for a 

(17) Wrede and Strack, Z. Ohysiol. Chem., 181, 58 (1929); Ber.. 62, 20.51 (1929) 
(18) Not to be confused with Rosinduline GG of the paper quoted ( lb) .  



long time and have been described by Clauslg for phenazine, by Kehr- 
mannZ0 for methylphenazonium compounds, for which, after a discussion 
between Kehrmann and H a n t ~ s c h , ~ ~  the meriquinoid character of the 
intermediary form was accepted. 

The best specimen for a potentiometric study is phenazine itself. I n  
80% acetic acid, the reduction by hydrogen in the presence of colloidal 
palladium does not lead to a complete reduction because the potential of 
the dye system overlaps with the potential of hydrogen of one atmosphere 
pressure. Phenazine, dissolved in 80y0 acetic acid, practically colorless, 
first turns intensely green on reduction with hydrogen, then the green 
becomes paler but never disappears completely. An oxidative titration 
curve, therefore, shows only the end of the first step of oxidation and then 
jumps into the potential range of the second step, which is obtained in its 
full extent. When dissolved, however, in 50% acetic acid plus 50% water, 
the dye is reduced by palladium plus hydrogen, through the green inter- 
mediary stage to the colorless stage. This reduced solution, on oxidative 
titration with quinone, shows in its full extent the potential curve for both 
steps, as shown in the experiment (Table VI). These potentials are per- 
fectly stable. The slope for each step of the titration is precisely the one 
calculated for a one-electron system. 

PHENAUNE 
PH, 1.26 (50% acetic acid). Oxidant, quinone in 50% acetic acid 

1st step 2nd step 
% oxid. % oxid. R = -0.086 + 0.0601 log - % oxid. E = 0.254 + 0.0601 log - % oxid, 

% oxid. 

3 . 1  
7 . 5  

15.3 
24.0 
33.5 
44.0 
55.3 
67.1 
80.2 
92.8 

Observed 
potential 

-0.0000 
"+ .0225 
+ ,0420 

.0565 

.0680 

.0800 

.0910 

.lo40 
,1210 
.I465 

Calcd. 
potential 

-0.0036 
+ .0206 
+ .0415 

.0560 

.om2 

.0798 

.0915 

.lo45 

.I224 

.I514 

Observed 
potential 

f 0.1905 
.2190 
.2345 
.2465 
.2630 
.2810 
.2955 
,3340 

Calcd. 
potential 

$0.1860 
.2179 
.2340 
.2463 
2632 

.2827 

.2970 

.3410 

Summary 
The analysis of the potentiometric oxidation or reduction curves for 

various classes of semiquinoid dyestuffs shows that always the semiquinoid 
form differs from the holoquinoid by one electron without any change of 

(19) Claus, Ann. Chem., 168, 13 (1873); cf. also Hinsherg and Garfunkel, ib id  . 232, 260 (1896); 
Eckert and Steiner, Monafsh., 36, 1153. 

(20) Kehrmann and Danecki, Ber., 47,270 (1914); Kehrmann, ib id . ,  46,344 (1013); i b id . ,  46, 3003 
(1913). 

(21) (a) Hantzch, B n . ,  49, 511 (1916) (in which the radical structure of the quinhydrones i q  advo- 
cated for the first time); (b) ib id . .  46, 682 and 1925 (1913) 



the molecular size. Semiquinoids are radicals in which one electron is 
shared by two atoms which possess each a septet of electrons, alternately 
supplemented to an octet by the odd electron. Several cases are made 
accessible to a potentiometric study by the application of an organic 
solvent, acetic acid. Stable and titrable semiquinoids could be demon- 
strated in the following classes of organic substances: the alkylated di- 
amines, the phenylated diamines, phenazine and many of its derivatives 
except those containing an amino group, and y, 7'-dipyridyl and the 
quaternary ammonium base derived from it. 
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY OF THE UNIVERSITY OF ILLINOIS] 

The Ternary System: Palmitic, Margaric and Stearic Acids 

The occurrence of palmitic and stearic acids as constituents of many 
oils, fats and waxes is well established. Margaric acid, the intermediate 
C17 acid, has been reported in numerous natural products1 but many in- 
vestigators have denied that this odd carbon acid exists in n a t ~ r e . ~  

The difficulty in establishing the presence of margaric acid in mixtures 
of fatty acids arises from the fact that the freezing point curves for palmitic 
and stearic acids indicate compound f~rmat ion.~ This compound of 
approximately equimolecular amounts of palmitic and stearic acids melts 
a t  nearly the same temperature as margaric acid. Moreover, the equi- 
molecular mixture of palmitic and stearic acids is stated not to be separable 
by fractional ~rystallization.~ Even the status of margaric acid prepared 
by some synthetic methods has been questioned. This is of importance 
because of the proposed use of the synthetic glyceryl trimargarate (Intar- 
vin) as a food for diabetics. 

The purpose of the present investigation was to make a complete study 
of the ternary system composed of mixtures of palmitic, margaric and 
stearic acids. Such a study would not only indicate the possible com- 
pounds formed between these acids but also show the effect of the addition 
of margaric acid to the compound of palmitic and stearic acids. Com- 

(1) A review to 1912 is given by Bomer and Limprich, Z Untersuch. Nahr. Genus., 23, 641 (1912); 
Hbbert, Bull. sac. chim., [IV] 11, 612 (1912); [IV] 13, 1039 (1913); Rlimont, Meisl and Mayer, Monatsh., 
36, 1115 (1914); 36, 281 (1915); Jacobson and Holmes, THIS JOURNAL, 38, 485 (1916); Lipp and 
KovLs, J .  prakt. Chem., 99,243 (1919); Lipp and Casimer, ibid., 99, 256 (1919); Dunbar and Brunne- 
weis, THIS JOURNAL, 42, 658 (1920); Trillet, Ann. Physik, 6, 1 (1925); Sekito, Z. physiol. Chem. 199, 
225 (1931). 

(2) Heintz, Pogg. A n n ,  84, 238 (1851); 87, 21 (1852); 87, 553 (1852), 102, 257 (1857); Hei- 
duschka and Felser, Z. Untersuch. Nahr. Genus., 38, 241 (1919); Heiduschka and Luft, Arch. Pharm., 
257,33 (1919); Holde, Ber., 34,2402 (1901); 35,4306 (1902); 38, 1247 (1905). 

(3) De Visser, Rec. trau. chim., 17, 182 (1898). 
(4) De Visser, ibid., 17, 346 (1898); Heintz, Pogg. Ann., 102,257 (1857) 
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pound formation has been reported for mixtures of n-eicosanoic and 
~ t ea r i c ,~  Iignoceric and stearic, and lignoceric and palnitic acids,6 but 
in all these cases pairs of acids containing an even number of carbon 
atoms have been involved. No information is available on the behavior 
of mixtures of higher fatty acids with odd and even numbers of carbon 
atoms other than occasional mixed melting points. 

Experimental 
Palmitic Acid.-One hundred grams of crude bayberry wax was placed in a three- 

liter round-bottomed flask. To this was added two liters of ethyl alcohol and 30 g. of 
sodium hydroxide dissolved in 50 cc. of water. The mixture was refluxed vigorously for 
two hours. Alcohol was distilled until foaming interfered. The contents of the flask were 
then placed in a porcelain evaporating dish and evaporated to dryness on a steam-bath. 

The sodium salt was powdered and washed with two 800-cc. portions of ether. The 
salt was then dissolved in six liters of hot water and the solution filtered. The hot solu- 
tion was acidified with sulfuric acid. On cooling the acid solidified and was removed. 
The crude cake was melted and washed with 500 cc. of 2% warm sodium bicarbonate 
solution. The solid cake obtained on cooling was recrystallized from 400 cc. of acetone 
with the aid of norite. The first crop of material weighed 70 g. and melted a t  55". 
This material was then recrystallized from acetone six times, after which no further 
change in melting point or neutral equivalent took place. Colorless crystals were ob- 
tained, m. p. (capillary tube) 62.242.4". A determination of the neutral equivalent 
gave the value 256.0; calcd. for CleH,02: 256.2. 

Margaric Acid.-This acld has been prepared by the oxidation of diheptadecyl 
ketone produced by the distillation of barium stearate.? This method obviously yields 
a mixture of margaric and stearic acids. Le Sueurs oxidized heptadecyl aldehyde ob- 
tained from a-hydroxystearic acid. Margaric acid may also be obtained from the latter 
by direct oxidation

Q 

or by heating silver stearate with iodine and fusion of the hepta- 
decyl alcohol with alkali.10 

An attempt was made to prepare margaric acid by treating cetylmagnesium bro- 
mide with carbon dioxide.I1 The product obtained by this procedure melted a t  59-60" 
and consisted of beautiful lustrous plates. Examination showed, however, that this 
material was not pure margaric acid at  all but contained over 41% dicetyl, C32H66, 
and considerable cetyl alcohol. Treatment of this mixture with alkalies and extraction 
of the solution with ether or benzene failed to remove all the impurities because of the 
soapy nature of the solutions. Margaric acid having the correct neutral equivalent and 
melting point could not be obtained from this mixture. 

In  order to obtain margaric acid of unquestionable purity it was synthesized by the 
following series of reactions: cetyl alcohol -+ cetyl bromide -+ cetyl cyanide -+ 
margaric acid. This method has been used before12 and yields margaric acid which can- 
not be contaminated with palmitic or stearic acids since each of the intermediates may 
be carefully purified. 
- 

(5) Morgan and Bowen, J. Soc. Chem. Ind., 43, 346 (1924). 
(6) Meyer, Brod and Soyka, Monatsh., 34, 1127 (1913); Meyer and Beer, ibid., 34, 1202 (1913). 
(7) (a) Krafft, Be?., 12, 1668 (1879); 15, 1687 (1882); (b) Meyer and Beer, Monatsh., 33, 311 

(1912). 
(8) Le Sueur, J. Chem. Sot., 86, 827 (1904); 87, 1888 (1905). 
(9) Levene and West, J. Bid. Chem., 16, 475 (1913). 

(10) Heiduschka and Ripper, Ber., 66, 1736 (1923). 
(11) Ruttan, Intern. Congr. APp. C h m .  Appendix, 26, 431 (1912). 
(12) Heintz, Ref. 2; Kohler, Jahresb., 9, 579 (1856); Becker, Ann., 102, 209 (1857); v. Braun and 

Sobecki, Ber., 44, 1464 (1911); Holde, Ref. 2; Levene and Taylor, J .  Biol. Chem., 59, 905 (1924). 
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Preparation of Cetyl Bromide.-One hundred and ninety grams of cetyl alcohol 
was placed in a 3-liter, round-bottomed flask. To  this was added 350 g. of hydrobromic- 
sulfuric acid mixture made by passing sulfur dioxide through a mixture of 165 g. of 
bromine and 190 g. of cracked ice. Fifty-five grams of concentrated sulfuric acid was 
added t o  the above mixture. The mixture was then refluxed as vigorously as possible 
for twelve to fifteen hours. 

The reaction mixture was cooled and the layers separated. The top layer was 
dissolved in ether and washed with water five times. The ether solution of cetyl bro- 
mide was dried with calcium chloride and the ether distilled. The oil remaining was 
distilled in  vacuo and the fraction which boiled from 150-190" (2-3 mm.) was collected. 

Refractionation gave pure cetyl bromide boiling a t  165-170' (2-3 mm.), yield 
160 g., 54% of the theoretical. 

Preparation of Cetyl Cyanide.-A mixture of 152 g. of cetyl bromide, 40 g. of potas- 
sium cyanide and 5 g. of potassium iodide in 1500 cc. of 95% ethyl alcohol was refluxed 
for fifty-five hours. The solution was diluted with 500 cc. of water and cooled. The 
cetyl cyanide was separated and washed with 250 cc. of cold 50% sulfuric acid, then with 
water and 2% sodium bicarbonate solution. Vacuum distillation gave 100 g. of material 
boiling from 170-180 a t  2 mm. (80% of the theoretical). The crude distillate was dis- 
solved in warm acetone and the solution cooled in ice. Pure colorless crystals of cetyl 
cyanide separated;13 m. p. 29.5-30'; 0.8306; n3: 1.4451; yield 40% of the theo- 
retical. 

Hydrolysis of Cetyl Cyanide to Margaric Acid.-The cetyl cyanide (50 g.) was 
hydrolyzed by refluxing with 25 g. of sodium hydroxide in 95y0 alcohol for ten hours. 
About one-half the alcohol used for hydrolysis was distilled and the solution was cooled 
in an ice-salt bath. The sodium salt was filtered and washed with cold acetone and al- 
cohol. The salt was suspended in hot water and acidified with 15% hydrochloric acid. 
The mixture was cooled and the acid separated as a solid cake. It was filtercd and 
washed with a large volume of warm water. 

The acid, when cooled, melted a t  56-57.5O. Recrystallization from ligroin gave 
colorless crystals, m. p. 59.9-60 (capillary tube) ; yield 39 g. Determination of the 
neutral equivalent gave 272.6; calcd. for C17Ha402,270.2. 

Stearic Acid.-Eastman stearic acid was found to be quite pure. It was re- 
crystallized three times from acetone; m. p. 69.6-69.8" (capillary tube). The neutral 
equivalent was 285.0; calcd. for C18H3602, 284.3. Further recrystallization did not 
change these values. 

Determination of Freezing Points.-The freezing points of the mixtures were de- 
termined in the apparatus similar to  that  used for determination of molecular weights 
by the freezing point method. I n  order t o  secure supercooling of the samples it  was 
found necessary to  maintain the outside constant temperature bath 3 ' below the freez- 
ing point of the particular sample used. The degree of supercooling of the sample 
permitted was 0.2-0.3°. If a greater degree of undercooling took place the sample was 
melted and the determination repeated. A Bureau of Standards thermometer cali- 
brated t o  0.1" was used which permitted estimations of the temperature to 0.05O. I n  
each determination a plot of time vs. temperature was made and from this curve the 
true freezing point was obtained corrected for the degree of undercooling by extrapola- 
tion. All mixtures were made up determinately by weighing the amounts of each com- 
ponent The data obtained are summarized in Tables I-IV and represent true freezing 
points in which the solid and liquid phases are in equilibrium. Each freezing point 
given is the result of several readings, and the maximum error in reproduction of the 
freezing points was 0.05". I t  should be noted that  the freezing points in Tables I-IV 
represent definite temperatures and are quite different from the usual capillary melting 

(13) Phillips and Mumford, J .  Chem. Soc., 1732 (1931). 



April, 1933 THE TERNARY SYSTEM: PALMITIC, MARGARIC AND STEARIC ACIDS 1497 

point ranges given in the above experimental part and which are ordinarily quoted as 
criteria of purity. 

FREEZING POINTS OF BINARY MIXTURES 

TABLE I TABLE I1 

(Data plotted in Curve I) (Data plotted in Curve 11) 
Palmitic, Stearic, Freezing Palmitic, Margaric, Freezing 

mole mole point, O C .  mole mole point, "C. 

0.0 1.0 68.40 0.0 1 . O  59.35 
1 0.9 66.25 1 0.9 58.10 
. 2  .8  63.65 .2  . 8  56.95 
.3  .7 61.20 . 3  .7  56.35 
.4 .6 58.15 . 4  . 6  55.85 
. 5  .5 55.90 . 5  .5  55.50 
.6  .4 55.40 . 6  .4 55.30 
.7 . 3  54.00 . 7  .3  55.95 
.8 .2 54.85 . 8  . 2  57.15 
.R .1 57.50 .9 .1 58.80 

1.0 .0 60.70 1.0 .O 60.70 
,417 .53 56.10 
.75 .25 53.95 
.725 .275 53.60 

TABLE 111 TABLE IV 

(Data plotted in Curve 111) FREEZING POINTS OF TERNARY A V ~ ~ ~ ~ ~ ~ ~  
Margaric, Stearic, Freezing Palmitic, Margaric, Stearic, Freezing 

mole mole point, "C. mole mole mole point, O C .  

0.0 1.0 68.40 0 .8  0 .1  0 .1  56.00 
.1  0.9 66.90 .6 .2 . 2  53.65 
. 2  . 8  65.30 .4 . 3  . 3  55.40 
.3  .7 83.75 .2 . 4  . 4  58.00 
. 4  .6 82.30 .2  .2 .6 60.10 
.5 .5  61.40 .3 .3 .4 56.60 
. O  .4 60.65 .4 .4 . 2  55.05 
. 7  .3  59.95 .2 . B  . 2  56.95 
.8  .2 59.35 . 3  .4 .3  66.25 
.9 . 1  59.30 .4  . 2  .4 55.70 

1.0 . O  59.35 .6 .1  . 3  54.40 
.7 .1 .2 53.50 
.6 .3 .1  54.20 
. 4  .1  .5  56.00 
.7 .2 . 1  54.50 

Discussion 

Curve I, which shows the freezing points of mixtures of palmitic and 
stearic acids, possesses a transition point which clearly indicates the 
formation of a compound. Since the compound decomposes a t  or near 
its melting point i t  is difficult to state its exact composition but i t  appears 
to be very close to an equimolecular mixture of the two acids. The 
eutectic temperature for palmitic and stearic acids is 53.6', a t  a composition 
of 0.725 mole of palmitic and 0.275 mole of stearic acid. This value was 
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(14) Findlay, "The Phase Rule," Long 0.5 0.450.4 0.35 Palmitic0.2 0.15 0.1 0.05 0.0 
mans, Green and Co., New York, 1923, p. 148. $. 

(15) Roozeboom, Z. Ohysik. Chem., 15, 0.5 0.4504 0.35 Stearic 0.2 0.15 0.1 0.05 0.0 

147 (1894). Fig. 2. 

first obtained graphically and then checked experimentally. The time- 
temperature curves were carefully 
studied to see if a second halt or 
transition temperature could be 
observed but none could be found 

65 with certainty. 
Curves I1 and I11 show no in- 

dication of compound formation 
between the C16 and C17 acids or 

ci C17 and Cis acids, respectively. 
No definite eutectics are formed 

V) 

.3 60 60 and Curves I1 and I11 belong to 
a t h e  case in which continuous 
M 
s2 .- mixed crystals are formed in the 
N 

QJ solid phase. l4 This fact indicates 
& that the separation of margaric 

acid from palmitic acid and es- 
55 55 pecially from stearic acid would 

be very difficult. 
T h e  ternary mixtures were 

plotted according to the method 
of Roozeboom15 and the three-di- 

50 50 mensional space model con- 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 structed.  Th is  space model 

Moles palmitic, curve I. Moles margaric, showed several interesting feat- 
curves 11, 111. ures. In the first place the ter- 

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 
nary eutectic point was shifted 

Moles stearic, curves I, 111. Moles palmitic, 
curve 11. 

very close to the palmitic acid 

Fig. 1. axis and occurred a t  0.68 mole 
palmitic, 0.16 mole margaric and 

0.16 mole stearic acids, the freezing point being 52.9'. In the second place 
the convexity of the surface due 
to the compound between pal- 
mitic and stearic acids disap- 
peared rapidly as margaric acid k e  IV 

was added to this mixture. ci 
Curve IV shows the freezing 2 Q- 

points of margaric acid with the 8 55" 
" 

55 

equimolecular mixture of stearic t-c 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0  and palmitic acids. I t  will be Margaric, moles. 
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noted that the drop in freezing point along this curve is not very great, the 
minimum occurring a t  0.15 mole margaric, 0.425 mole stearic and palmitic 
acids and freezing a t  55.75O. While this drop would be readily detected 
by accurate freezing point determinations, i t  would pass unnoticed in the 
ordinary mixed melting point determinat i~n.~~ A mixture of 0.15 mole of 
margaric acid with 0.425 mole of stearic and 0.425 mole of palmitic was 
made up and its melting point determined by the ordinary capillary tube 
method. The observed melting point range was 57.6-60.6O. The relation- 
ship between the melting pointsl%f the pure acids, compounds and mix- 
tures is shown in Table V. 

TABLE V 

CAPILLARY MELTING POINTS 
M. p., O C .  

Softens a t  Liquid a t  

1 Pure palmitic acid.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  62.2 62.4 
2 Pure margaric acid.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  59.9 60.0 
3 Purestearicacid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69.6 69.8 
4 Equimolecular mixture of palmitic and stearic acids. . . .  57.5 60.0 
6 Remelt temperature of (4) (compound). . . . . . . . . . . . . . .  58.0 59.0 
6 Compound (5) plus margaric acid. . . . . . . . . . . . . . . . . . . .  56.6 59.6 
7 Palmitic (0.425), stearic (0.425), margaric (0.15). . . . . . .  57.6 60.6 

The melting points given in the literature for margaric vary 
from 54 to 60'. Hence i t  is easily seen how the equimolecular mixture of 
palmitic and stearic acids may be mistaken for margaric acid and why 
mixed melting points are not conclusive evidence for identification. The 
data in Table V also show how greatly these temperatures obtained by 
the ordinary capillary tube method differ from the true equilibrium tem- 
peratures recorded in Tables I-IV. 

Summary 

The freezing points for the ternary system of palmitic, rnargaric and 
stearic acids have been determined. 

URBANA, ILLINOIS RECEIVED JULY 19, 1932 
PUBLISHED APRIL 6, 1933 

(16) The melting points were determined in an open beaker fitted with a mechanical stirrer. The 
temperature was raised a t  the  rate of 0.5' per minute. 



The Preparation of Tri-Para-Tolylselenonium Chloride by 
Means of the Friedel-Crafts Reaction with Selenium Dioxide1 

Introduction 
In 1927 Lyons and Bradt2 reported the results of a study upon the action 

of selenium dioxide and benzene in the presence of anhydrous aluminum 
chloride. Di-p-chlorophenyl selenide, diphenyl selenide, diphenyl disele- 
nide and diphenylselenoniurn dichloride were obtained. They represented 
these substances as secondary products, and assumed the first product of 
the reaction to have been diphenyl selenoxide. 

In the present work the authors carried out this reaction with toluene. 
The conditions of Lyons and Bradt were so modified that excess heating 
was avoided throughout both the reaction and the isolation procedure. This 
gave tri-p-tolylselenonium cllloride as the chief product of the reaction. 

Experimental Part 
One hundred and sixty cc. of purified toluene was added t o  60 g. of commercial 

anhydrous aluminum chloride which had been thoroughly mixed with 50 g. of freshly 
prepared pure selenium dioxide in a flask equipped with a reflux condenser and a means 
of vigorous agitation. The reaction was first cooled and then was heated for two hours 
on a steam-bath. The product was then hydrolyzed by pouring it  into a large volume 
of cold water acidified with hydrochloric acid, filtered and the toluene layer removed. 

The toluene layer3 on distillation yielded small amounts of p-chlorotoluene (identi- 
fied by a mixed melting point a t  5.5-6.5' (corr.) with purified p-chlorotoluene). 

Zinc Chloride Addition Compound.-The addition of zinc chloride solution to the 
warm aqueous layer caused the fonnation of a voluminous white crystalline precipitate 
which, after crystallization from alcohol, exhibited a constant melting point of 235". 
It was identified as a zinc chloride addition compound of tri-p-tolylselenonium chloride. 
Molecular weight data, while not conclusive (due t o  partial ionization), indicated that 
two n~olecules of the selenium compound were attached to one molecule of zinc chloride, 
as in the formula, ZnC12.2(p-CH3CsH4-)3SeCI. 

A n a l .  Calcd. for C42H42SezC12.ZnClz: mol. wt., 912; C, 55.26; H,  4.64; Se, 17.37; 
Zn,7.17. Found: mol.wt.,690; C,54.3; H,4.69; Se,17.45; Zn,7.15. 

The zinc chloride addition compound was slightly soluble in ethyl alcohol, distilled 
water and aqueous hydrochloric acid. I t s  very slight solubility in aqueous hydrochloric 
acid made possible a fairly accurate determination of the amount of tri-p-tolylsele- 
nonium chloride formed. By this means 77y0 yields were isolated. 

Tri-p-tolylselenonium chloride was isolated from the aqueous layer of a duplicate 
experiment by repeated extraction with chloroform, evaporation to a small volume and 
precipitation by pouring into a large volume of anhydrous ether. This, after crystalliza- 

(1) Presented a t  the Regional Meeting of the Pacific Division of the American Association for the 
Advancement of Science a t  Pullman, Washington, June, 1932. 

(2) Lyons and Bradt, Ber., 60, 60-63 (1927). 
(3) If temperature conditions were maintained a t  sufficiently low levels (40-70') the toluene layer 

contained either only a trace of or no selenium compounds. 
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tion from pyridine and subsequent crystallization from acetone or chloroform, yielded 
clear white rhombic needles melting a t  160.0' (corr.). Analysis indicated that  the sub- 
stance was tri-p-tolylselenonium chloride carrying one mole of water of crystallization. 

Anal. Calcd. for (C21H21SeCl.H20): mol. wt., 405.8; C, 62.09; H, 5.71; Se, 
19 52; C1,8.73. Found: mol. wt., 404.0; C, 62.24; H, 5.79; Se, 20.43; C1.8.72. 

These data agree with the formula reported by Leicester and Rerg~trom.~ Tri- 
p-toly1selenonium chloride was soluble in water, dilute aqueous hydrochloric acid, pyri- 
dine, chloroform, aqueous sodium hydroxide and acetone, and was very slightly soluble 
in ether. It formed addition coinpounds with chlorides of the following ions: Hgt+,  
CLI++, Ag+, Ziic+, PDf+, of which only the zinc chloride compound was investigated. 

Further proof of the identity of this compound was furnished by the identification 
of its thermal decomposition products. When tri-p-tolylselenonium chloride was heated 
to a temperature of 200-235" decomposition resulted. The decomposition products 
were purified and identified as di-p-tolyl selenide and p-chlorotoluene. 

Anal. Calcd. for (ClnH19e): C ,  64.3; H, 5.40; m. p., 69-69.5O. Found: C ,  
63.5; H, 5.39; m. p. 68.0" (corr.). 

Di-p-tolylselenide was moderately soluble in alcohol, chloroform, ether, carbon 
disulfide and insoluble in water. 

The zinc chloride addition compound of triphenylselenonium chloride, ZnClz + 
2(CsH6)3SeC1 (m. p. 273.5-274.O0), was prepared by using the authors' modified method 
with benzene. Analyses for C, H, Se, Zn and C1 completed its identification. Only 
traces of the products reported by Lyons and Bradt were found. This compound will 
be further discussed in a later paper. 

Discussion 
A comparison of the benzene compounds obtained by Lyons and Bradt 

with the toluene compounds by the authors using a procedure modified to 
avoid excess heating, verifies the original assumption by Lyons and Bradt 
that diphenyl selenide, diphenyl diselenide and di-P-chlorophenyl selenide 
were secondary products, the formation of which had been caused by the 
action of the heat upon the original products. The introduction of 
vigorous mechanical agitation, careful limitation of temperature to 40-70°, 
and the use of excess toluene, has avoided this thermal decomposition of 
the original products. Consequently, tri-p-tolylselenonium chloride, or 
triphenylselenonium chloride normally constitutes the entire reaction 
product. In no case were appreciable amounts of the products analogous 
to those identified by Lyons and Bradt found to be present. The presence 
of di-9-tolyl selenide and p-chlorotoluene in small amounts has been ex- 
plained by the fact that they are known to be products of the thermal de- 
composition of tri-p-tolylselenonium chloride. 

Summary 
A method has been described for the synthesis of tri-p-tolylselenonium 

chloride by the action of selenium dioxide on toluene in the presence of 
anhydrous aluminum chloride. The presence of small amounts of di-p- 
tolyl selenide and p-tolyl chloride is due to the thermal decomposition of the 

(4) Leicester and Bergstrom, THIS JOURNAL, 53, 4428-4436 (1931). 



tri-p-tolylselenonium chloride which has been isolated in 77% yield as the 
zinc chloride addition compound. 

Wildiers' Bios: The Fractionation of Bios from Yeast1 

The fractionation of the bios contained in an aqueous infusion of malt- 
combings was described by Dr. G. H. W. Lucasla in 1924. After prelimi- 
nary purification of the infusion, baryta and alcohol were added and the 
precipitate so formed was filtered off; to the filtrate, freed from alcohol 
and barium, he gave the name "crude Bios I1 solution." The precipitate 
was extracted with hot water, and the solution freed from barium; this 
"crude Bios I solution" was then precipitated by lead acetate and am- 
monia, the precipitate suspended in water and treated with carbon dioxide 
and sulfuric acid; the solution so obtained, after removing the last traces of 
lead with hydrogen sulfide, he called "Bios I solution." The physiologi- 
cally active constituent of this Bios I solution was identified with i-inositol 
by Miss E. V. Eastcott2 in 1925. 

The yeast crop resulting under standardized conditions when a solution of 
salts and sugar is seeded with certain kinds of yeast3 is not much increased 
by adding either Bios I solution (i. e., a solution of i-inositol) or Bios I1 
solution; but if both are added together, the crop is large-Lucasla ob- 
tained counts of 15 to 25 from his Bios I solutions, 35 to 50 from his Bios I1 
solutions purified by acetone, and 165 to 240 from the mixtures. In 
Wildiers' language, neither Bios I (i-inositol) nor Bios I1 contains much 
bios, but their mixture contains a considerable quantity of that substance; 
thus precipitation by alcohol and baryta "fractionated" the bios of the 
combings, and has subsequently been used to fractionate the bios from 
malt, rice polishings, tea, mushrooms (agaricus campestris), molasses, 
tomatoes, oranges and yeast. It is obvious that such a fractionation of 
the bios is very different from the mere removal of inactive materials, 

(1) Financial assistance from the National Research Council of Canada is gratefully acknowledged. 
(la) G. H. W. Lucas, J. Phys. Chem., 28,1180 (1924). 
(2) E. V. Eastcott, ibid., 32, 1094 (1928); THIS JOURNAL, 51, 2773 (1929). 
(3) Dr. Helen Stantial finds that Wildiers' yeast and the followir~g yeasts from the American 

Type Culture Collection behave with inositol and Bios I1 like the race with which most of our own ex- 
periments have been carried out: 2361 Sacch, validus, 4206 Sclzizosacch, octosporus. Mr. Maconachie 
found the same for 2331 (brewers' yeast) and for 2335 (bakers' yeast) and Dr. Lucas (Ref. la, p. 1190) 
for one of the yeasts used by Prof. W. H. Eddy. Miss Stantial also found that 2361 Sacch. pastorianus 
gives a large crop in media containing only salts and sugar [see Lash Miller, J. Chcm. Ed., 7, 263 (1930) 1 
like the top yeast used by Prof. Eddy (Lucas, Ref. la) ;  and that the crops of 2333 Sacch, mandschuric~cs 
and of 2602 Zygosacch, mandschuricus are much increased by Bios 11, but are not further increased by 
adding inositol to media containing Bios 11. (Helen Stantial, Trans. Roy. Soc. Canada. Sec. 111, p. 
163 (1932). 
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(e. g., by precipitation with alcohol, etc.); it would prevent confusion 
if the word "purification" were used when processes of the latter type are 
meant. 

Experiments with Bios 11 solutions prepared from malt combings, from 
tomatoes, and from yeast, show that these solutions also can be fraction- 
ated;* the provisional names "Bios IIA" and "Bios IIB" are proposed 
for their constituents-the former for that which is left behind, and the 
latter for that which is adsorbed when, after preliminary purification if 
necessasy, the Bios I1 so!ution is shaken with charcoal. Thus, up to the 
present, three separable constituents of Wildiers' bios have been recog- 
nized, via., Bios I (i. e., inactive inositol), Bios IIA and Bios IIB. Media 
containing salts, sugar, and only one of these constituents give a small 
yeast crop; in media containing any two of them the crop is also fairly 
low; but if the medium contains all three constituents the crop is large, 
as shown in Table XI,  which gives the crops obtained with Wildiers' 
yeast. This method of fractionating Bios I1 was described a t  the May 
meeting of the Royal Society of Canada; the present paper gives some 
details of the work with yeast. 

I. Apparatus and Procedure 
The technique followed in these experiments is substantially that de- 

scribed in detail in Miss Eastcott's paper,2 except that dextrose5 was used 
instead of cane sugar in the culture media, and that the seed yeast was 
cultivated in a tomato medium6 instead of in wort. 

Culture media, seeded to a count of 1 or 2 with a race of yeast whose isolation is 
there described, were rocked for twenty-four hours in a thermostat a t  25" after which a 
measured volume was pipetted into a centrifuge tube containing chloroacetic acid, and 
the crop determined from the height of the yeast column after centrifuging. By the 
"count" is meant the number of cells in 4 X cc.; 250,000 times the count gives the 
number of cells in one cc. of the culture medium. Except where otherwise stated, the 
inositol used was Eastman's ash-free inositol, and the Bios I1 was from a stock prepared 
on the large scale from malt combings. 

These are L-shaped glass tubes, closed a t  one end, which are rocked (in the plane of 
the L) thirty times a minute through an angle of 60" in the water of a thermostat. A 
size convenient for 10 cc. of culture medium is 27 cm. long and 14 mm. inside diameter; 
tubes of about the same length, but 27 mm. in diameter, are used for 50 cc. of solution. 

(4) Miller, Eastcott and Sparling, Trans. Roy. Soc. Canada, Sec. 111, p. 165 (1932). 
(5) It is only when the medium contains nothing but sugar and salts that the trace of bios con- 

tained in a good brand of cane sugar seriously affects the crop. Eastman's "practical dextrose" gives 
the same low crops as the more expensive "dextrose" if it  has been cleaned by shaking 100 g. with 100 cc. 
of a mixture of 10 volumes of acetone with one volume of water. A second washing is hardly necessary; 
not much dextrose is dissolved. 

(6) 4 g. KHzP04, 2 g. MgS04.7He0, 8 g. NHINOI, 0.7 g. CaC1~.6Hz0,2 g. Rochelle salts, 100 g. cane 
sugar, water to one liter, to this is added 300 cc. of tomato juice, obtained by heating the contents of a 
can of tomatoes to 100°, filtering through cloth and paper, and neutralizing half of i t  to litmus with about 
5 cc. of 2 N sodium hydroxide. This is easier to make than wort, and yeast cultivated in i t  is white, 
not dark colored. 



If the culture medium, seeded with yeast, be left in a stationary flask 
instead of being rocked in a rocker-tube, the cells form a layer a t  the 
bottom of the flask; as this layer grows thicker, the upper cells more and 
more shut off the supply of sugar, salts, oxygen and bios from those below, 
and hinder the escape of alcohol and acid formed by them. Even the top- 
most cells are supplied only by diffusion and by accidental convection 
currents; and because of the small concentration of bios in media used 
for crop determinations, the diffusion of that component is particularly 
slow. That under such conditions the twenty-four-hour count may 
depend more on the shape and size of the vessel and the volume of the 
culture medium than on the quantity i t  is intended to measure (viz., the 
amount of bios present), is shown by the results of Table I. 

In  these experiments the rocker-tube and the flasks were immersed in the water of 
the sane  thermostat; with one exception each contained 50 cc. of a medium made of 
25 cc. of S. & S. (p. 1504, note 7) 23 cc. of water and 2 cc. of wort, seeded with Yeast 
2331 of the Am. Type Cult. Coll'n whose rate of reproduction is practically the same as 
that of the yeast commonly used here; the smallest flask was supplied with only 40 cc. 
of the same medium; if it had been filled to the neck the count would doubtless have 
been lower still. 

Stopping the rocker lowers the count, but doubling the usual rate of 
rocking leaves the count unchanged; 10 cc. in the small rocker-tube gives 
the same count as 50 cc. of the same medium in the larger tube. Thus there 
is ample evidence that results obtained in rocker-tubes are independent 
of diffusion, while those obtained in flasks may be much influenced by that 
factor. 

TABLE I 
Rocker-tube C = 270 125-cc. Erlenmeyer C = 93 
260-cc. Erlenmeyer 169 50-cc. Erlenmeyer 60 
200-cc. Erlenmeyer 112 

With our yeast the twenty-four-hour count in the 250-cc. Erlenmeyer 
agrees with that in the rocker-tube if the latter does not exceed 100; when 
the count in the rocker-tube is larger, that in the flask may catch up if i t  
be left standing long enough, as shown in Table 11. 

In the experiments of Table 11, the 50 cc. of medium in each vessel contained 5 cc. 
of wort; only one rocker-tube was used, but seven flasks, as it  would obviously have 
been impossible to take samples from a single flask without shaking it. 

TABLE I1 

Hoursafterseeding 14.3 16.2 17.2 19.8 24.6 38.4 48.5 
Rocker-tube C = 1 7 0  232 288 345 430 444 446 
250-cc. Erlenmeyer C = 138 165 193 242 300 427 445 

Sugar and Salts.-Clark's sugar and salts solution7 was used; when 
bios is present, moderate changes in the proportions and absolute amounts 

(7) 15 g.  KHzPO4, 7.5 g.  MgS08.7Hz0, 30 g .  NHhNOa, 2 5 g .  CaC12 6H20, and 360 g. dextrose, in 
1800 cc.; 5 cc of this "S & S." (2.5 cc. in the half-strength medium of Tables I11 and IV) was used in each 
rocker-tube, and made up to 10 cc by the other ingredients of the culture medium 
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of the salts do not matter very much; although, as Fulmer8 has shown, in 
absence of bios they may be of the first importance. Cutting down 
Clark's quantities of salts and sugar to half does not affect counts below 
250-300; but Miss Reader's9 strepiothrix medium (with one per cent. of 
dextrose) is too dilute for yeast counts as high as 100. 

The results of Table I11 were obtained with different quantities of the same bios 
(p. 1509) in the half-strength Clark's medium and in Miss Reader's medium; those of 
Table IV with a constant amount of bios in half-strength Clark's medium and in media 
containing up to five times the salts and sugar of Miss Reader's. 

Proportionate amount of bios 1 2 3 4 
Clark's medium, half strength C = 125 175 225 283 
Miss Reader's medium C = 83 110 123 125 

Miss Reader's medium, C = 125 Miss Reader's medium X 4, C = 221 
Miss Reader's medium X 2 170 Miss Reader's medium X 5 271 
Miss Reader's medium X 3 200 Clark's half strength 283 

Acidity of the Culture Medium.-The PH of Clark's medium (equal 
volumes of S. & S. and water) is 4.6, about the same as that of wort; while 
addition of 4 cc. of water and one cc. of N/8 sodium hydroxide to 5 cc. of 
S. & S. gives a nearly neutral medium, PH = 6.8. In  the experiments 
described below, counts were determined both with and without the addi- 
tion of this much alkali to the medium before seeding; those to which 
alkali has been added are the "neutral media," the others "Clark's media." 

It is clear from the results of Tables VI to XI1 that there is no "best" 
initial PH for media containing bios; high twenty-four-hour counts are 
often higher in the initially neutral medium, low counts often lower. 
This behavior is no doubt due to the formation of acid in the medium 
while the crop is growing; carbon dioxide does not lower the PH of Clark's 
medium, but even so low a count as 27 may be accompanied by a change 
of PH from 4.6 to 3.6 or from 6.8 to 5.8, and higher counts increase the 
acidity much more. Addition of sodium bicarbonate or replacement of 
part of the acid phosphate by dibasic phosphate has, of course, the same 
effect as addition of sodium hydroxide; high counts can also be improved 
by adding certain salts, which probably act as buffers. 

For example, a count of 200 in Clark's medium with wort as source of bios was 
raised to 325 by adding sodium hydroxide in the proportion given above, ammonium 
mucate raised it to 329, sodium lactate to  330, sodium potassium tartrate to 360, sodium 
acetate to 291, sodium chloride had no effect; the amount of salt used in each case con- 

(8) Fulmer, Nelson and Sherwood, THIS JOURNAL, 43, 191 (1921). 
(9) 0.10 g. KHzPOa, 0.016 g. KzHPOa (to bring Pa to 7.4), 0.07 g. MgSOk 7Hz0, 0.30 g. (NHa)eSOa, 

0.05 g NaCl, 0.04 g. Ca(N0a)z and 0.5 g. dextrose, in 100 cc. This medium was worked out by Miss V. 
Reader [Biochem. J . ,  81, 904 (1927)l for streptothrix carallinus, not for yeast; she found tha t  the dex- 
trose might be varied from 0.6 to  2.0%; one per cent. was used in the experiments of Tables I11 and 
I V  above. 



tained metal or ammonium equivalent to  that  in the hydroxide; the medium to which 
sodium hydroxide had been added was not further improved by adding acetate, lactate 
or tartrate. 

This whole matter is being further investigated. 

11. Crops from Yeast Infusions, with and without Inositol 

Workers in other laboratories have confirmed Miss Eastcott's observa- 
tion that adding inositol does not much improve the yeast crop obtained 
from sugar and salts solutions; and Williamsl0 with his co-workers, and 
Narayanan,ll report little or no improvement when inositol is added to 
media containing sugar, salts and yeast-infusion or certain other yeast 
preparations. These preparations (made from Fleischmann's starch-free 
yeast, and from brewers' yeast, respectively) thus resembled the juice 
of oranges or grapes, the infusioas of bran, dried catnip, cottonseed meal 
or saffron, and the solutions of meat extract (lemco) or drled milk (klim), 
studied by Miss Eastcott; for she found2 that any one of the latter added to 
salts and sugar solution gave a good yeast crop which was not appreciably 
improved by adding "Bios I" as well. In view of these results we were 
quite unprepared for Mr. Maconachie's observation that an aqueous infu- 
sion12 made from a pure culture of Yeast No. 2335 of the Am. Type Cult. 
Coll'n gave in Clark's medium a twenty-four-hour count of 125, but on 
addition of 0.02 mg./cc. of Eastman's ash-free inositol a count of 234; 
the yeast whose crop was measured was the same as that from which the 
infusion had been made, etiz., No. 2335. 

Mr. Maconachie then prepared an extract13 from brewers' yeast (for 
which we are indebted to the O'Keefe Brewing Company of Toronto), 
following the procedure of Narayanan. 

One cc. of this extract in 10 cc. of culture medium seeded with a brewers' yeast 
(Am. Type Cult. Collection No, 2331) gave a twenty-four hour count of 440, which was 
increased to 500 by adding 0.02 mg./cc. of Eastman's inositol. 

On centrifuging in a Sharples laboratory centrifuge, 680 g. of this same 
yeast yielded 350 cc. of beer (4. e., culture liquid); thus rather less than 
half of this sample of "brewers' yeast" consisted of yeast cells, and a con- 
siderable part of the "yeast extract" made from it was really beer extract. 

One cc. of the beer in 10 cc. of culture medium gave a count of 248, which was not 
increased by adding inositol but was raised t o  474 by adding an amount of Bios I1 from 

(10) Williams, Warner and Roehm, THIS JOURNAL, 61, 2764 (1929). 
(11) Narayanan, Biochem. J., 24, 6 (1930). 
(12) 2.5 liters of sugar and salts solution (p. 1504, note 7) mixed with 2 liters of water and 500 cc. 

of a strong wort (Eastcott, Ref. 2, p. 1097), seeded with 50 cc. of a suspension of Yeast 2335 (count 
150), and stirred for twenty-four hours a t  room temperature, gave a crop of count 450. The yeast was 
filtered out, heated with 150 cc. of water to  100° for three hours, and filtered. The cloudy filtrate was 
autoclaved for a few minutes and the resultant precipitate removed by centrifuging. 

(13) 3.7 kg. of the yeast as received was heated to  65' for four hours with 2.9 liters of 93% alcohol, 
and the residue after filtration was similarly extracted first with 3 liters and then with 2 liters of 50% 
alcohol. The combined filtrates were evaporated in  uacuo to 1350 cc. 
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combings which by itself (in the 10 cc.) gave a count of 50; this shows that the beer con- 
tained a large excess of inositol. On the other hand, one cc. of an extract made (as de- 
scribed above) from the thoroughly washed yeast cells gave a count of 488, which was 
raised to 660 by adding 0.02 nig./cc. of inositol, but was left unchanged by Bios 11. 

Thus the extract made from the cells was deficient in inositol, but in the 
original "yeast extract" this deficiency was largely made up by the excess 
of inositol introduced with the beer. 

These observations suggested an explanation for Narayanan's negative 
results, viz., that his brewers' yeast may have contained a little more beer 
than ours, or beer a little richer in inositol. If this were the case, adding 
inositol to his extract would not have improved his yeast crops; for as 
Miss Eastcott has shown, addition of inositol beyond a certain amount 
(which depends on the quantity of Bios I1 in the medium) does not go on 
increasing the crop. 

That this is not the only possible explanation, however, was shown by the 
behavior of the next batch of yeast obtained from the same brewery. This 
yielded only 16% of beer, as compared with over 50% from the first batch; 
and neither the beer, nor the extract from the yeast as received, nor the 
extract from the washed yeast-cells was improved as a culture medium by 
adding inositol. Neither was the extract prepared from a pure culture 
of the race of yeast used in most of the experimental work of this labora- 
tory; but whereas for Maconachie's preparation Yeast 2335 was freshly 
cultured, that of our own race was taken from the bottom of a culture- 
flask two days after seeding, when (as shown by crop determinations) 
most of the Bios I1 had been removed from the wort. That the amount 
and quality of the bios in a yeast extract depends upon the condition of the 
cells used to make it, is evident from the results with Fleischmann's yeast 
described below; i t  follows even more-directly from an observation of 
Maconachie, who found that the extract prepared from cells of No. 2335 
which had been stirred for twenty-four hours with salts and sugar gave a 
count of only 35 instead of 125. 

Two half-pound cakes of Fleischmann's yeast were then purchased, 
one (I) from the Canada Bread Co., and the other (11) from Fleischmann's 
agency in Toronto; neither gave the iodine test for starch. An aqueous 
extract and a 50% alcoholic extract was prepared from each; and the 
twenty-four-hour counts given in Table V were obtained in Clark's medium 
containing the extract from 0.05 g. of yeast cake per cc., either with or 
without 0.02 mg. of Eastman's inositol per cc. 

TABLE V 

0.05 g. Cake I Alcoholic extr., alone C = 250 With inositol C = 275 
.05 g. Cake I1 Alcoholic extr., alone C = 155 With inositol C = 175 
.05 g. Cake I Aqueous extr., alone C = 217 With inositol C = 367 
.05 g. Cake I1 Aqueous extr., alone C = 167 With inositol C = 209 
.O1 g. Cake I11 Extract alone C = 100 With inositol C = 320 



The Fleischmann Company then presented us with a fresh one-pound 
cake of starch-free yeast, Cake 111, sent from their factory in Montreal in a 
refrigerator car. 

This was chopped up into 2 liters of boiling water, left in a steam-box for two hours 
with occasional shaking, autoclaved for an  hour, and filtered. The filtrate was evapo- 
rated i ~ z  vacuo to 175 cc., 350 CC. of alcohol added, the precipitate filtered off, and the 
solution (mixed with 50 cc. of washings) evaporated to dryness in a vacuum. The 
residue, dissolved in water, neutralized with a few drops of normal sodium hydroxide, 
and made up to 180 cc., is the extract whose fractionation is described below; one cc. 
corresponds to 2.5 g. of yeast cake. 

The extract made from this cake contained much more bios per gram of 
yeast, and a much larger excess of Bios 11, than the preparations from 
either of the other yeast cakes; the counts given in Table V were obtained 
with only one-fifth the weight of yeast used in the other cases. 

Table VI gives the counts obtained when each cc. of the culture medium contained 
the extract from 0.01 g. of yeast cake I11 together with from 1 / 8 ~ ~  to  l jZb milligram of the 
Eastman Company's "ash-free inositol." 

TABLE VI 
Extract from 0.01 g. of yeast per cc. of medium 

Inositol Mg./cc. = 0.00125 0.0025 0.0050 0.010 0.020 0.040 
Clark's medium C =  170 200 260 294 320 316 
Neutral medium C =  163 217 300 370 410 410 

Miss Eastcott has already shown that there is such a thing as "enough" 
inositol for a given amount of Bios 11, i. e., more does not increase the yeast 
crop. The experiments of Table VI show that 0.02 mg./cc. together with 
that  in the extract used, is enough inositol for the Bios I1 contained in that 
extract; the reason why inositol did not improve the crops given by the 
extracts of Williams and of Narayanan is simply that these extracts them- 
selves contained enough inositol for their Bios 11. 

As the suggestion has been made (though not supported experimentally) 
that  the results obtained by Miss Eastcott with Kahlbaum inositol and 
with her own preparations from tea might be due to some unspecified im- 
purity (which if it exists must have been present in equal quantity in all 
of them), we have subjected both Kahlbaum (pre-war) inositol and East- 
man ash-free inositol to the process used in purifying Miss Eastcott's inosi- 
to1 from tea; that is, each of them was heated for twenty hours to 110' 
with 22% hydrochloric acid, and after evaporating to remove the acid, 
was fractionally crystallized and recrystallized from mixtures of methyl 
alcohol and water. The counts obtained with these purified inositols, both 
alone and with Bios I1 from various sources, agreed within the experi- 
mental error with those given by the commercial preparations. 

Table VII gives the counts obtained with Kahlbaum inositol, Eastman ash-free 
inositol (both as purchased) and Miss Eastcott's original preparation from tea, when 
0.02 mg./cc. of each in turn was added to media containing per cc. the extract from ten 
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milligrams of yeast cake I11 (i. e., Y/cc. = 0.01).14 The counts agree with each other 
and with the two corresponding determinations of Table VI (Eastman inositol) as 
closely as can be measured with the technique employed. 

TABLE-: VII 

Yeast extract Ylcc. = 0.01, with inositol 0.02 mg.jcc. 

Clark's med.: Eastman's, C = 324; Kahlbaum's, C = 320; from tea, C = 326 
Neutral med.: Eastman's, C = 416; Kahlbaum's, C = 400; from tea, C = 410 

111. Fractionation of the Bios from Brewers' Yeast by Baryta and 
Alcohol and by Lead Acetate and Ammonia 

Both extracts froni the first batch of brewers' yeast (viz., that from the 
yeast as it was received, and that after the beer had been removed) on 
treatment with baryta and alcohol as described by Lucas, yielded "crude 
Bios I" and "crude Bios 11" solutions just like those from the other eight 
sources of bios enumerated above. It seemed worth while, however, to 
repeat these experiments with the extract from the second batch, which 
like Narayanan's extract gave as large a crop without inositol as with it. 
Following Narayanan's procedure, the extract was autoclaved with baryta 
solution and the filtrate after removing the barium was precipitated with 
acetate of lead. Like the extract itself, neither the baryta-filtrate nor the 
lead-acetate-filtrate15 (after removing metals and acetic acid, neutralizing, 
adding water salts and sugar as usual, and seeding with yeast) gave a larger 
yeast crop when inositol was added than without it. But when, after 
autoclaving the extract with baryta, two volumes of alcohol were added before 
filtration, the result was very different: 0.02 mg. of Eastman inositol added 
to each cc. of the culture medium in which this filtrate was used, raised 
the count from 140 to 340. The reagent generally used for precipitating 
inositol16 is basic lead acetate with ammonia; and when the filtrate from 
the neutral lead acetate precipitation was precipitated with this reagent, 
the count obtained from this basic-lead-acetate-filtrate was raised from 
110 to 325 by adding 0.02 mg./cc. of inositol. 

Neither of these reagents for precipitating inositol was used by Naray- 
anan in preparing his "concentrates;" and so, naturally enough, he "ob- 
tained no evidence to support Eastcott's claim that inositol is an essential 
constituent of bios." 

IV. Details of the Fractionation of Bios from Fleischmann's Yeast by 
Baryta and Alcohol, and by Charcoal 

Because of its large content of Bios 11, the extract from Cake I11 was 
chosen for these experiments; the preparation of the extract is described on 
p. 1508. 

(14) The symbol Y /cc. means the number of grams of yeast cake used to make the preparation con- 
tained in one cc. of culture medium. 

(15) Used in the experiments of Tables I11 aud IV. 
(16) Needham, Biochem. J . .  17, 422 and 431 (1923). 



Table VIII gives the counts obtained with the extract from 0.0025-0.040 g. of yeast 
per cc. of culture medium; the counts from media containing the extract from 0.01 g. 
of yeast per cc. together with various amounts of inositol have been recorded in Table 
VI. 

TABGE VIII 

Y/cc. = 0.0025 0.005 0.010 0.020 0.040 
Clark's med. C =  62 70 108 160 260 
Neutral med. C = 114 124 120 142 274 

The Baryta-Filtrate 
I n  each of several 50-cc. Erlenmeyer flasks, 2 g. of powdered crystallized barium 

hydroxide and 10 cc. of extract (from 25 g. of yeast) were heated to 100' for three hours 
with occasional shaking. After cooling, the contents of one flask were filtered and the 
precipitate washed with 5 cc. of hot water; filtrate and washings were heated and 6.25 
cc. of 2 N sulfuric acid added (just enough t o  change the color of Congo paper), the 
barium sulfate was remcved by filtratioc and t~olatile acids by repeated evaporation 
in vacuo, the residue was neutralized by sodium hydroxide, and made up to 25 cc. Thus 
one cc. of this "baryta-filtrate" comes from one gram of yeast. 

For equal values of Y/cc., the counts obtained with baryta-filtrate are 
much lower than those with extract; this can hardly be due to the presence 
of a poison in the former, because when added to a medium containing wort 
i t  increased the count (wort alone, C = 350; wort with bar.-filt. Y/cc. = 
0.0375, C = 434). Adding Bios I1 does not increase the Count (Y/cc. = 

0.0125, neut. med., C = 142; with Bios 11, 138), adding inositol, however, 
does (see Table IX) ; thus in the baryta-filtrate as in the extract there is 
excess of Bios 11, but some of the latter has been destroyed by the baryta 
treatment. Table IX gives the counts obtained in neutral media con- 
taining 0.02 mg./cc. of inositol and various amounts of the baryta-filtrate. 

TABLE I X  

Bar.-filt. Y/cc. = 0.0025 0.005 0.010 0.0125 
Neutral med. C = 36 54 130 225 

There is much more difference between the forty-eight-hour counts and 
the twenty-four-hour counts when the media contain baryta-filtrate than 
when they contain yeast extract; moreover, after suitable treatment with 
acid the baryta-filtrate gives higher twenty-four-hour counts. These ex- 
periments, which suggest that the Bios I1 of the extract is not irrecover- 
ably destroyed by the baryta treatment, are being extended; they may 
throw light on changes which some of the solutions undergo when kept. 

Fractionation by Precipitation with Baryta and Alcohol 
To the contents of another of the 50-cc. Erlenmeyer flasks (see baryta-filtrate, above) 

as  soon as it  was taken from the steam-bath, 20 cc. of 95% alcohol was added, with shak- 
ing; after standing for some hours the contents were filtered, and the precipitate washed 
with 15 cc. of a mixture of two volumes of alcohol and one of water, filtrate precipitate 
and washings being kept separate. A "crude Bios 11" solution was prepared from the 
filtrate, by removing barium and volatile acids (as described above) and neutralizing; 
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the washings were treated in the same manner; and a "crude Bios I" solution was 
prepared from the precipitate by extracting with 15 cc. of hot water and treating this 
filtrate like the other; each of the three was brought to a volume of 25 cc., viz., one cc. 
per gram of yeast used in making them. A mixture of equal volumes of these three 
solutions gave practically the same count as the baryta-filtrate from the same amount of 
yeast (neutral medium, Y/cc. = 0.0125, bar.-filt., C = 142, mixture, C = 136); with 
0.02 mg./cc. inositol, the mixture gave a somewhat lower count (bar.-filt., C = 225, 
mix., C = 178), suggesting loss of Bios 11. 

Counts from the "crude Bios I solution'' were not increased by adding 
inositol, but were increased 5y adding Bios II frcm codings ,  and the 
opposite is true for counts from the "crude Bios I1 solution" (see Table X, 
0.02 mg./cc. inositol was used). Thus bios from Fleischmann's yeast is 
fractionated by baryta and alcohol just like bios from brewers' yeast and 
from the other eight sources enumerated on p. 1502. 

TABLE X 
Crude Bios I ,  Y/cc. = 0.02 Clark's med.: C = 20 With Bios I1 C = 143 
Crude Bios I ,  Y/cc. = 0.02 Neutral med.: C = 24 With Bios I1 C = 158 
Crude Bios 11, Y/cc. = 0.02 Clark's med.: C = 60 With Inositol C = 264 
Crude Bios 11, Y/cc. = 0.02 NcutraI med.: C = 120 With Inositol C = 263 

Fractionation of the yeast extract itself, omitting the baryta treatment, 
gives a better yield of Bios 11. 

The crude Bios I1 solution obtained by adding 2 g. of baryta (dissolved in 3 cc. of 
hot water) and 26 cc. of alcohol to 10 cc. of yeast extract (from 25 g. of yeast), gave a 
count of 340 instead of the 263 of Table X (Y/cc. = 0.02, inositol 0.02 mg./cc., neutral 
medium). 

The preparation of crude Bios I1 solution can be still further simplified, 
by extracting the yeast (6 lb. Fleischmann's starch-free) with 80% alcohol 
(6 liters) and adding baryta (360 g. dissolved in 360 cc, of water) and alcohol 
('750 cc. 95%) to the filtrate, which of course contains water taken from the 
yeast cake. 

The counts from a crude Bios I1 solution prepared in this way by Mr. A. J. Mueller 
were: Y/cc. = 0.014, C = 350; Y/cc. = 0.028, C = 444 (both with 0.02 mg./cc. of 
inositol in Clark's medium). This preparation therefore was better than that  from the 
baryta-filtrate, though not so good as that obtained by directly fractionating the extract 
from Cake 111. 

Fractionation of the Bios I1 by Charcoal 
One gram of Darco charcoal was shaken for fifteen minutes with 30 cc. of a solution 

containing one cc. of 2 N sulfuric acid and the crude Bios I1 solution (that of Table X) 
from 20 g. of yeast, filtered off, and washed with 15 cc. of water; the filtrate was shaken 
with another half gram of charcoal, which was filtered off and washed as before. The 
combined filtrates and washings were freed from sulfuric acid by baryta, and made up 
to 80 cc.; each cc. of this neutral "crude Bios IIA s o l ~ t i o n " ~ ~  came from 0.25 g. of the 

(17) This is the correct designation according to the nomenclature of Lucas' paper; but in the 
present paper (except where otherwise stated), this was the solution used in the experiments for which 
quantities of Bios IIA or IIA are given. Similarly Bios IIB or IIB are printed when the crude Bios 
IIB solution was used. 
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yeast cake. The charcoal from the two operations was shaken for half an hour with 40 
cc. of freshly prepared "acetone-ammonia reagent,"ls filtered off, washed with 10 cc. of 
the reagent, and then shaken again with 25 cc. of the reagent and washed as before. 
The united extracts and washings were evaporated in vacuo and the residue dissolved 
in water to a volume of 25 CC.; this "crude Bios IIB solution" was neutral to  litmus, 
each cc. came from 0.80 g. of yeast. 

With 0.02 mg./cc. or 0.04 mg./cc. of inositol, whether in Clark's medium 
or in the neutral medium, and whether Y/cc. = 0.01, 0.04 or 0.05, the 
crude Bios IIA solution gave counts of 20 or lower, and the crude IIB 
solution gave counts of $0 to 60 or lower. But when IIA (Y/cc. = 0.01) 
and IIB (Y/cc. = 0.01) and inositol (0.02 mg./cc.) were present in the 
same (neutral) medium, the count was 127. Thus charcoal fractionates 
Bios II into Bios IIA and Bios IIB, just as barytu and alcohol fractionates 
bios into Bios I and Bios II. Mr. Mueller's crude Bios I1 solution (p. 1511) 
was fractionated in the same way; the counts (with 0.04 mg./cc. of inositol 
in neutral media) obtained from his IIA and IIB separately and together, 
are given in Table XVI. 

To make quite sure that i t  was "Wildiers' bios" that had been frac- 
tionated, and not some other "nutrilite,"lg the media of Table X I  were 
seeded with Wildiers' own yeast, a culture of which was courteously fur- 
nished us by Professor R. J. Williams of the University of Oregon. 

The inositol used in these experiments (0.04 mg./cc.) was Eastman's; the Bios 
IIA (Ylcc. = 0.04) and the Bios IIB (Y/cc. = 0.02) were the crude solutions whose 
preparation from the baryta-filtrate has just been described in detail. 

(Wildiers' yeast) 

Inositol 
Bios IIA 
Bios IIA + inositol 
Bios IIB 
Bios IIB + inositol 
Bios IIA + Bios IIB 
Bios IIA + Bios IIB + 

Clark's medium 

C = 20 
13 
25 
42 
92 
30 

inositol 262 

Neutral medium 

C = 30 
20 
50 
38 
62 
98 

225 

A series of measurements was carried out in which increasing amounts of 
Bios IIB were added to media containing excess of inositol and a fixed 
amount of Bios IIA, and another in which the amount of Bios IIB was 
kept constant and that of Bios IIA was varied; the results are given in 
Table XII. In Clark's medium (but not in the neutral medium) the 
counts first rise and then fall again as the amount of Bios IIB is increased; 
i t  is proposed to determine the nature and the amount of the acid to whose 
formation this behavior is probably due. 

When a considerable amount of the variable constituent has been added, 
the effect of further additions is small (Table XII) ; just as when inositol is 

(18) Acetone-ammonia reagent: 5 cc. of conc. ammonia, 35 cc. of water, acetone to 200 cc. 
(19) Williams and Bradway, Tms JOURNAL, 53, 783 (1931). 
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Bios IIA. Y /cc = 

Bios IIB Y/cc .  = 0.01, C = 
Bios IIB Y lcc. = 0.01,  C - 
Rios IIB Y / c c .  = 0.02,  C = 
Bios IIB Y / c c .  = 0.02, C - 

Bios IIB, Y lcc. = 
Bios IIA Y /cc. - 0.01, C = 
Bios IIA Y lcc. = 0.01,  C = 
Bios IIA Y lcc. = 0.02,  C = 

Bios IIA Ylcc.  = 0.02,  C = 

Inositol 0.04 mg./cc. 
0.08 
. . . . Clark's 
. . . . Neutral 
340 Clark's 
418 Neutral 

0 . 0 8  
. . . . Clark's 
. . . . Neutral 
217 Clark's 
,390 I-Jeutrai 

added to the yeast extract (Table VI) or to Bios XI solutions (Table V of 
Miss Eastcott's paper)2 or when Bios I1 is added to a solution of inositol. 
On this behavior we hope to base a method for determining Bios IIA and 
Bios IIB in arbitrary units, which will enable their amounts in Bios I1 solu- 
tions from different sources to be compared, even before these constituents 
have been obtained in the pure state-although, of course, attempts to 
isolate and identify them are being made. 

The interesting discovery of Professor 0. R. Richard~,~"hat one part of 
thallium per million of Williams' culture medium2' increases the count of 
Yeast 2335, led to the experiments with Kahlbaum thallium-potassium 
alum whose results are given in Table XIII. For, although the twenty- 
four-hour counts obtained by Richards with thallium were small, so are 
those with inosjtol under similar circumstances; and just as inositol exerts 
its full effect only in the presence of Bios 11, so might the counts with 
thallium be heightened by addition of inositol and one of the constituents 
of Bios 11. The results, however, show that this is not the case, and that 
neither Bios IIA nor Bios IIB owes its potency to thallium. 

TABLE XI11 
Thallium 0.001 mg./cc., Inositol 0.04 mg./cc. 

Bios IIA, Y/cc. = 0.02: Clark's medium C = 15, Neutral medium C = 15 
Bios IIB, Ylcc. = 0.02: Clark's medium C = 40, Neutral medium C = 40 

V. Identity of Constituents from Different Sources 

Miss Eastcott's work with bios from sixty different sources, the frac- 
tionation by baryta and alcohol of bios from nine sources, and the frac- 
tionation by charcoal of Bios I1 from three ~ources,~ make it probable that 
there is only one bios and not "a whole category" of them, as Wildiers 
thought possible. This probability is increased by the results of Table XIV 
which show that mixtures of inositol (in excess) with Bios IIA from any one 
of the three sources and Bios IIB from either of the other two, give large 
counts; so, whether chemically identical or not, the constituents from the 

(20) 0. R. Richards, J. B'ol. Chem., 96, 405 (1932). 
(21) 2 g. KHIPOI, 0.25 g. MgSOn, 3 g. (NH~)zSOd, 0.25 p. CaCln, 1.5 g. asparagine (Eimer and 

Amend), 20 g. sucrose, one liter of water. 



three sources are a t  least physiologically interchangeable. Work now in 
progress on the behavior of these constituents with acids and bases, with 
organic solvents, and on a ~ e t y l a t i o n , ~ ~  will no double reveal any differences 
that may exist; although the isolation and identification of the active prin- 
ciples of these obviously impure solutions is, of course, the main object of 
the investigation. 

TABLE XIV 
Inositol 0.04 mg./cc. 

I IB  (Y/cc. 0.02) IIB (tomato) I IB  (combings) No Bios I IB  
Clark Neut. Clark Neut. Clark Neut. Clark Neut. 

IIA (Y/cc. 0.04) 304 396 284 286 286 237 20 20 
IIA (tomato) 300 324 284 230 280 214 37 35 
IIA (combings) 220 212 187 162 233 150 15 19 
No Bios IIA 50 60 54 60 57 52 . .  . . 

Closer ex~tmination of Table XIV shows that the in neutral 
media (where relations between count and amount of constituent in the 
medium are simpler than they are in Clark's, see Table XIII) increase to- 
ward the left of each line and toward the top of each column; i. e. ,  the three 
lines agree in saying that most IIB was added with the yeast preparation 
and least with that from combings, and the three columns agree that the 
order of the amounts of IIA is the same. 

With the data a t  present available i t  is not possible to make an accurate coinputa- 
tion, but as a rough approximation the amounts of Bios IIA from tomato and from comb- 
ings, respectively, used in these experiments, correspond to Y/cc. = 0.025 and Y/cc. = 
0.016; and the amounts of Bios IIB to Y/cc. = 0.014 and Y/cc. = 0.010. 

VI. Presence of Bios IIA in Crude Bios I Solutions 
That the Crude Bios I solutions from combings and from tomatoes must 

contain some active constituent other than Bios I (i. e.,  inositol) forced it- 
self on our attention long ago; the same is true of the Crude I from yeast; 
for as is shown by the results of Table XV, higher counts can be obtained 
from media containing Bios I1 by adding Crude Bios 1 solution than by add- 
ing inositol; the preparations used are those of Table X. The experiments 
of Table XVI show that this substance is Bios IIA; for adding IIA to the 
Crude I leaves the count unchanged, while adding 1113 greatly increases it. 

The Crude I cf these experiments is that of Tables X and XV; the IIA and IIB used 
as reagents were prepared from Mr. Muellers' Bios I1 (p. 1512 above), the quantities 
used per cc. of medium came from 0.03 g. of his yeast cakes. 

As previous experiments had shown that Lucas' "Bios I solution" does 
not contain Bios IIA, it seemed probable that that substance could be 
found in the filtrate after precipitating "Crude Bios I solutions" with lead 
acetate and ammonia. Experiments with the Crude Bios I solution from 
tomatoes show that this is the case; the IIA and IIB of Table XVII are 
those of Table XVI, details of the treatment of the tomato juice are given in 

(22) E. M. Sparling, Trans. Roy. Soc. Canada, 22, Sec. 111, p. 271 (1928). 
(23) Those in media contaix~ing all three constituents are meant. 



TABLE XV 
Neutral Medium 

Crude Bios I ( Y/cc. = 0. lo), with 0.02 mg./cc. inositol C = 50 
Crude Bios I1 (I'/cc = 0.02). with 0.02 mg./cc inositol 263 
Crude Bios T I  ( Y/cc. = 0 02), with 0.04 mg./cc. inositol 280 
Crude Bios I1 with the Crude T and 0.02 mg./cc. inositol 394 

TABLE XVI 

Inositol 0.04 mg./cc., Neutral Medium 

3ios IIA C =  12 Crude Bins T C =  50 
Bios I IB 37 Crude 1 and Bios IIA 54 
Bios IIA and Bios IIB 334 Crude I and Bios I IB  304 

TABLE XVII 

Inositol 0.02 mg./cc., Clark's medium 

Tomato preparation C =  60 
Tomato preparation with Bios IIA 64 
Tomato preparation with Bios IIB 470 

the footnote,24 Unfortunately the time at  our disposal did not permit the 
repetition of these experiments with the Crude Bios I solution of Table XV; 
that of Table XVIII had been prepared, with another object in view, by 
precipitating Mr. Mueller's Crude Bios I solution (see p. 1511) with lead 
acetate and ammonia, but as his baryta-alcohol precipitate had been 
washed with 50% alcohol instead of 65%, and as the barium compound of 
Bios IIA is more soluble than that of inositol, most of the former had been 
carried into the crude Bios I1 solution; enough remained, however, to 
leave no doubt as to its presence. The IIA and IIB of Table XVIII are 
those of Tables XVI and XVII. 

TABLE XVIII 

Inositol 0.02 mg./cc.. Clark's medium 

Yeast preparation C = 24 
Yeast preparation with Bios IIA 32 
Yeast preparation with Bios IIB 92 

Summary 
1. Addition of inositol to media containing aqueous or alcoholic ex- 

tracts of yeast may or may not increase the twenty-four-hour yeast crop, 
depending on the condition of the cells from which the extracts were made. 

(24) Evaporated in racuo 3730 cc. of filtrate from canned tomatoes to 1910 cc., added 3820 cc. al- 
cohol; evaporated filtrate to 350 cc.. added 400 g. of baryta dissolved in 425 cc. of water, and 1600 cc. 
of alcohol; filtered, washed precipitate with 150 cc. of dilute alcohol (2 volumes of alcohol, one volume 
of water) and extracted with 1500 cc. of water. Removed barium from this Crude Bios I liquor by 
carbon dioxide and sulfuric acid, neutralized with ammonia, and precipitated with 100 g. of crystallized 
lead acetate dissolved in 100 cc. of water, aud 45 cc. of conc. ammonia (11.8 N) diluted with 17 cc. of 
water; filtered, did not wash precipitate. Removed lead from filtrate by sulfuric acid and hydrogen 
sulfide, and acetic acid by repeated evaporation in uacuo. Diluted a portion (corresponding to  60 
cc. of tomato juice) to 10 cc., shook with 0.5 g. of Darco charcoal, neutralized the filtrate with sodium 
hydroxide and made up to  20 cc.; thus 1 cc. came from 3 cc. of juice, this amount was present in the 10 
cc. of culture medium of each experiment of Table XVII. 



Before using brewers' yeast to make a yeast extract, the liquid culture 
medium in which the cells are suspended ought to be removed; as this 
liquid may contain enough inositol to render further addition of that sub- 
stance to the "yeast" extract unnecessary. 

2. By treating yeast extracts (from brewers' yeast and from Fleisch- 
mann's yeast) with alcohol and baryta as Lucas treated his infusion of malt 
combings, we have fractionated the bios contained in them; just as the 
bios from combings, malt, rice polishings, tea, mushrooms, molasses, 
oranges and tomatoes has already been fractionated. 

Neither of the two fractions so obtained, added to salts and sugar 
medium, gives a large yeast crop; but the two together do. The crop ob- 
tained with one of them (viz., the crude Bios I solution) is not increased by 
adding inositol, but is much increased by adding Bios 11, whether the 
latter be derived from yeast or from malt combings. The crop obtained 
with the other (viz., the crude Bios I1 solution) is much increased by adding 
inositol. 

A similar fractionation has been effected with lead acetate and am- 
monia, which like baryta and alcohol precipitates inositol. 

3. By shaking the crude Bios I1 solution from Fleischmann's yeast with 
charcoal, it has been fractionated into two constituents for which the 
provisional names "Bios IIA" (not adsorbed) and "Bios IIB" (adsorbed) 
are proposed. Thus the bios from yeast has been fractionated into three 
constituents. With salts and sugar, each of these constituents gives a 
small yeast crop; mixtures of any two of them give fairly small crops; 
but all three together give a large crop. 

Bios I1 from malt combings, and Bios I1 from tomatoes have been frac- 
tionated in the same way. 

4 Crude Bios I solutions, as Lucas called them, whether prepared 
from malt combings from tomatoes or from yeast, contain Bios IIA; but 
his Bios I solutions do not, for the Bios IIA remains in solution when 
the Crude Bios I solution is precipitated with lead acetate and ammonia. 

5. The Bios IIA from yeast is physiologically equivalent to that from 
combings and to that from tomatoes; i. e., either of the latter with inositol 
and Bios IIB from yeast gives a large crop. In  the same sense, Bios IIA 
from combings is equivalent to Bios IIA from tomatoes; and Bios IIB 
from any of the three sources is equivalent to Bios LIB from either of the 
others. 

As the crude Bios IIA solutions from the three sources were obtained by 
the same chemical procedure, the chemical properties of their active con- 
stituents are to that extent the same; and as their effects on the yeast 
crop are also the same, there is a t  present no reason to regard them as 
separate species. For the same reasons there is no basis for assuming more 
than one Bios IIB. 
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Until a source of bios has been found which with alcohol and baryta does 
not behave like the nine already studied, or which with charcoal does not 
behave like the three whose behavior is described in this paper, it is un- 
necessary to assume the existence of more than one bios. 

6. Measurements with Wildiers' yeast in media containing one of the 
three constituents, or two, or all three of them, show that it behaves just 
like Toronto yeast; there is therefore no necessity to assume the existence 
of a class of "nutrilites" distinct from Wildiers' bios. 

'F 
I he names are given of f o x  species ef yeast from the American Type 

Culture Collection which with inositol and Bios I1 from combings behave 
the same as Wildiers' yeast and as the Toronto yeast; and the names of 
three species which behave otherwise. 

7. To check the spread of misapprehensions, experiments are described 
which show that the twenty-four-hour crop obtained with yeast extract 
is just as much increased by inositol bought from Kahlbaum or from East- 
man as it is by that prepared by Miss Eastcott from the Bios I soln. of tea. 

8. Experiments are described which show to what a great extent yeast 
crops obtained in stationary vessels may depend on factors other than 
the amount of bios in the culture medium; and some which show that 
the agitation and aeration afforded by Fraser's rocker-tubes are sufficient. 

9. The effect of the initial PH of the culture medium on the yeast crop 
is discussed. In media containing bios, there is no one initial PH that in 
every case gives a larger crop than any other; the nature and amount of 
the acid or acids formed during crop determinations is being studied. 

10. Professor 0. R. Richards' discovery of thallium in asparagine led to 
experiments which show that the effects obtained with the crude solutions 
of Bios IIA and Bios IIB are not due to thallium; work on the isolation 
and identification of the active principles of these solutions is in progress. 

TORONTO, ONTARIO, CANADA RECEIVED JULY 28, 1932 
PUBLISHED APRIL 6, 1933 



The Action of Phosphorus Pentachloride with Ethers 

Because of the failure to convert neopentyl alcohol to a neopentyl halide 
without rearrangement2 other methods were sought. The ordinary 
methods of preparing alkyl halides involve the use of acids or the formation 
of acids during the process. Since some believe that acids cause rearrange- 
ment (Meerwein) a method was sought which would involve no acid at  any 
stage in the reaction. Such a process seemed to be presented by the action 
of phosphorus pentachloride with an ether. This reaction might be ex- 
pected to give only alkyl halides and phosphorus oxychloride. Preliminary 
experiments raised doubts as to the accuracy of this conce~tion.~ A stsdy 
of the literature revealed a surprisingly small amount of work on the action 
of ethers with phosphorus pentachloride. Dichlorodiethyl ether gave a 
small amount of ethyl chloride and 1, 1,l-tri~hloroethane.~ The treatment 
of diphenyl ether and diphenylene oxide with phosphorus pentachloride gave 
no recognizable prod~cts .~  Mixed aryl alkyl ethers gave mainly chlorination 
products of the aryl part of the ether without splitting the ether linkage.6 

In  the present work several ethers and acetals were treated with phos- 
phorus pentachloride. In no case was a practical yield of organic chloride 
obtained. Moreover, there was always a chlorinating action with the 
formation of hydrogen chloride. This destroyed the hope that an alkyl 
chloride could be formed in the absence of acid by the use of phosphorus 
pentachloride and an ether. 

The neopentyl acetal of formaldehyde reacted with phosphorus penta- 
chloride to give very little alkyl chloride. This was mainly if not entirely 
tertiary amyl chloride, a product of rearrangement. 

Experimental 
Preparation of Ethers and Aceta1s.-The following beilzyl ethers were made with 

the indicated yields by the method of Lowe7 using petroleum ether (60-90") and vigor- 
ous stirring: dibenzyl ether, b. p. 198-200' (55 ma.), 46%; n-butyl benzyl ether, b. p. 
217-219" (737 mm.), 34%; n-amyl benzyl ether, b. p. 237-240' (733 mm.), 51y0; sec- 
amyl benzyl ether, b. p. 223-226' (735 mm.), 29%. 

Neopentyl formal, [(CH~)~CCHZ) IzCHZ, b. p. 176-177.5O (737 mm.) was obtained 
in 6501, yield.8 

(1) Submitted in partial fulfilment of the  requirements for the  Ph.D. degree. 
(2) Whitmore and Rothrock, THIS JOURNAL, 64, 3433 (1932). 
( 3 )  Since this was written, the  study on the reaction of diethyl ether with phosphorus pentachloride 

by Guthmann [ibid., 64, 2938 (1932)l has appeared. This definitely proves the  complexity of the  re- 
action. 

(4) Lieben, Ann.,  146, 213,218 (1868); Abeljanz, ibid., 164, 203 (1872). 
( 5 )  Hoffmeister, Ber., 3, 748 (1870); Ann., . l69,  200, 212 (1871). 
(6) Autenrieth and Muehlinghaus, Ber., 89, 4098 (1906). 
(7) Lowe, Ann., 241, 374 (1887). 
(8) Cf. Conant, Webb and Mendum, THIS JOURNAI., 61, 1246 (1929). 
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Anal. Calcd. for CuHadOz: C, 70.2. Found: C, 70.1 and 70.6. 

Di-n-butyl formal, b. p. 177-178O (734 mm.), was made in 74% yield. 
The phosphorus pentachloride was heated under reduced pressure to  remove any 

free hydrogen chloride. 

Action of Phosphorus Pentachloride with the Ethers and Acetals 

Diisoamyl Ether.-Commercial diamyl ether
g 

was fractionated. The 172-178° 
fraction was dried over sodium in the cold for two days, filtered and distilled. The 
boiling point of the material finally used was 174-176" (735 mm.). A mixture of 52 g. 
(I  mol) of phosphorus pentachloride and 39.5 g. (1 mol) of diisoamyl ether was 
heated on a water-bath under a reflux condenser. Much hydrogen chloride was e-v-olvcc! 
and the solid diqsolved completely. After six hours the mixture was cooled. A loss in 
weight of 17 g. indicated the evolution of about 0.5 mole of hydrogen chloride. The 
mixture was decomposed with icc, separated and the oil was washed with water, with 
sodium carbonate solution, again with water and then dried two days over anhydrous 
sodium sulfate and fractionated carefully through a 27 X 0.8 cm. packed column,lo 
using a reflux ratio of 20: 1. A total of 27.5 g distilled from 50 to 168" without any con- 
stant fraction even after several redistillations. The entire experiment was repeated 
several times with the same result. No evidence of the formation of isoamyl chloride 
was obtained. 

Diisopropyl Ether.-The 65-69' fraction from the commercial ether" was dried 
for two days over sodium, filtered and redistilled, b. p. 67-68" (735 mm.). When the 
ether was refluxed for six hours with phosphorus pentachloride, it  was recovered un- 
changed. 

A sealed tube containing 10 g. (1 mol) of diisopropyl ether and 20 g. (2 mols) of 
phosphorus pentachloride was heated a t  110' for six hours. Much hydrogen chloride 
escaped when the tube was cooled in ice and opened. The mixture was decomposed on 
ice and worked up in the usual way. Two careful fractionations gave 2 g. (24% yield) of 
isopropyl chloride (b. p. 35-36", 43.2y0 Cl). The rest boiled from 36 to 130' without 
any constant fraction. 

Dibenzyl Ether.-The reagents (0.25 mole of each) were refluxed in an apparatus 
fitted to absorb the evolved gas. About 0.4 mole of hydrogen chloride was evolved 
(titration). The organic products obtained were 24 g., b. p. 82-86" (27 mm.), 28 g., 
b. p. 95-96" (25 mm.), and a semi-solid residue which was insoluble in water and ether. 
The first liquid was benzyl chloride as shown by its conversion to @-nitrobenzyl chloride, 
m. p. 70-71 ". The second liquid was a mixture of benzal chloride and benzotrichloride. 
Boiling sodium hydroxide solution left an oily layer which gave the phenylhydrazone 
of benzaldehyde, m. p. 155-156'. The alkaline solution gave benzoic acid, m. p. 120- 
122 which was converted to benzanilide, m. p. 160 ". The solid product from the origi- 
nal reaction was refluxed three hours with normal sodium hydroxide solution. Part of it 
dissolved. Steam distillation gave a small amount of benzyl alcohol (3,5-dinitroben- 
zoate, m. p. 104-106°), and benzaldehyde. The products of the action of dibenzyl 
ether with phosphorus pentachloride are benzyl chloride, benzal chloride, benzotri- 
chloride and probably a phosphate of benzyl alcohol. 

n-Butyl Benzyl Ether.-The products obtained from 33 g. of the ether and 2 mols 
of phosphorus pentachloride were 3.5 g., b. p. 77.5" (733 mm.) (38.7y0 Cl), 2 g., b. p. 
98" (733 mm.) (47.2% C1) and traces of benzyl chloride, benzal chloride and benzotri- 
chloride. The first liquid fraction was n-butyl chloride in 19% yield and the second was 
probably impure butylidene chloride. 

(9) Supplied by the Sharples Solvents Corp., of Philadelphia. 
(10) Whitmore and Lux, THIS JOURNAL, 54, 3448 (1932). 
(11) Supplied by the Carbide and Carbon Chemicals Corp., of N. Y. 



%-Amy1 Benzyl Ether.-The products from 32 g. of the ether and 2 mols of 
phosphorus pentachloride were 3.5 g., b. p. 101-105" (716 mm.) (32.0% Cl); 6.5 g., 
b. p. 170-180' (716 nim.), 12.5 g . ,  b. p. 185-187' (716 mm.) (44.6% Cl). The first was 
n-amyl chloride in 18% yield. The others were benzyl and benzal chlorides. 

Sec-amyl Benzyl Ether.-From 44.5 g .  of the ether and 2 mols of phosphorus penta- 
chloride were obtained4 g., b. p. 93' (716 mm.) (32.8% '01); 6.5 g., b. p. 95.5" (720 mm.) 
(31.7% C1) ; 7.5 g., b. p. 80-90' (27 mm.), and a viscous residue of 23 g. The first 
two were impure 2-chloropentane in 39% yield. Hydrolysis of the other fraction gave 
benzaldehyde and benzoic acid. 

Diphenylene Oxide.-The treatment of 84 g. of diphenylene oxide with 2 mols of 
phosphorus pentachloride gave an 80% yield of a monochlorodiphenylene oxide, m. p. 
94-96 O. 

Anal. Calcd. for ClzH7OCl: C1, 17.0. Found: C1, 16.4. 
Di-n-butyl Acetal of Formaldehyde.-To 160 g. (1 mol) of the acetal in a flask fitted 

with a reflux condenser and an absorber for hydrogen chloride was added slowly 208 
g. (1 mol.) of phosphorus pentachloride. The reaction was violent and hydrogen 
chloride was evolved. The mixture was heated until no more gas formed and was then 
decomposed on ice in the usual way. The product was carefully distilled through the 
27 X 0.8 cm. column at  738 mm., twelve fractions being obtained. Formaldehyde was 
evolved during the heating. The most important fractions were No. 2, 43 g., b. p. 
77-79 " (37.50Jo Cl) identified as n-butyl chloride by formation of the 3,5-dinitrobenzoate, 
m. p. and mixed m. p. 63-64', yield of rt-butyl chloride, 23y0; No. 4 ,3  g., b. p. 103-110" 
(27.4% Cl), probably chloromethyl n-butyl ether; No. 6, 3 g., b. p. 16&165" (20.5% 
Cl), probably monochlorodibutyl ether; and No. 8, 26 g., b. p. 175-178", unchanged 
acetal. 

Di-neopentyl Acetal of Formaldehyde.-From 63 g. of the acetal and 2 mols of 
phosphorus pentachloride were obtained six fractions a t  738 mm. Only 6 g., b. p., 
85-98", was obtained in the amyl chloride range. Treatment of this with sodium hy- 
droxide gave tertiary amyl alcohol, 3,s-dinitrobenzoate, m. p. 86-88', mixture with 
known 3,5-dinitrobenzoates, of tertiary amyl alcohol, m. p. 86-88 ", mixed m. p. 86-88" ; 
of neopentyl alcohol, m. p. 92-93", mixed m. p. 70-73 ". The other fractions contained 
15 to 21% Cl but were not identified although Fraction No. 5, 9 g., b. p. 171-173" 
(17.0% Cl), may have been the impure monochloroacetal. 

The action of the di-neopentyl acetal of formaldehyde with phosphorus penta- 
chloride gave small amounts of amyl chlorides. No evidence of neopentyl chloride was 
obtained. 

Summary 

1. The action of phosphorus pentachloride with several types of ethers 
and acetals (formals) has been studied. 

2. The production of RC1 from RzO or from (R0)zCHz and phosphorus 
pentachloride is small or entirely absent. 



Pentose Reactions. 111. Xylan 

Xylan has been isolated from many plant materials such as straw, 
corn cobs, corn seedlings, esparto cellulose, etc., by extraction with 5--1070 
sodium hydroxide solution but oat hulls have never been studied in this 
connection. That oat hulls will give rise to xylose by an hydrolysis with 
dilute sulfuric acid has been demonstrated2 recently. In the present work, 
it was found that xylan could be isolated froni oat hulls in 22-24% yields. 
Prior removal of lignin from the hulls by treatment with phenol3 had little 
effect on the quality or the yield of the xylan. 

Since the phenol treatment does not remove the pentosan from the 
hulls, and since i t  was found to dissolve xylan quite readily, it seems evident 
that xylan does not exist as such in the plant material. Some kind of 
hydrolysis in the plant material is evidently caused by the hydroxide 
solution. The fact that xylan has been found to give cryoscopic mo- 
lecular weight values4 of 146, 195, and 231 in acetamide solutions of 0.45, 
0.95 and 1.1% concentrations, respectively, points to a relatively simple 
molecule. 

Diacetylxylan has been reported5 to give molecular weight values of 
400-633, depending on the method of acylation. In the present work 
diacetylxylan was prepared by interaction of xylan with acetic anhydride 
which contained very little nitric acid. The molecular weight, deter- 
mined cryoscopically in nitrobenzene, indicated that i t  contained much 
of the monosaccharide derivative, CsH602(OCOCH3)2. It regenerated 
xylan on saponification. This low molecular weight value for diacetyl- 
xylan aligns it with other polysaccharides (inulin acetate, mannan acetate, 
etc.) which give low molecular weight values in solvents. Pringsheim6 

has given a good review of the existing data. 
Xylose was obtained by hydrolyzing the xylan with dilute sulfuric acid. 

I t  is interesting to note that a considerable conversion of an emulsion of 
the xylan in water into a reducing sugar was brought about by ethylene. 
A control experiment without the ethylene showed no such conversion. 
This is similar to the effect noted by Rea and Mullinix7 with starch. 

(1) Holder of  a Quaker Oats Fellowship, 1927-1929, administered through the Miner Laboratories. 
Chicago. 

(2) Hurd and Isenhour, THIS JOURNAL, 54, 323 (1932). 
(3) Kolb and Schoeller, Cellulosechcmie, 4,  37 (1923). 
(4) Reilly, Donovan and Bums, Proc. Roy. Irish Acad., B39, 505 (1930); Chem. Abstracts, 25, 

1499 (1931). 
(5)  Hibino, J .  Chem. Soc. Japan, 61, 417 (1930); Chcm. Abstracts, 25,4854 (1931). 
( 6 )  Pringsheim, "Chemistry o f  the Monosaccharides and of the Polysaccharides," McGraw-Hill 

Book Co., Inc., New York,  1932, pp. 291, 300-302, 312, 333-339. See also Haworth and Streight, 
Heler. Chim. Acta, 15, 609 (1932); Haworth, Hirst and Percival, J .  Chem Soc , 2384 (1932). 

(7) Rea and Mullinix, Tnrs JOURNAL, 49, 2117 (1927). 



Experimental Part 
Preparation of Xy1an.-Five hundred grams of oat hulls was soaked for two days in 

a 2% ammonia solution, filtered off, washed and then digested for two to three hours 
with 6 liters of a 10% solution of sodium hydroxide. During the digestion, steam was 
passed through the mixture continuously. The mixture was filtered through a wire 
gauze and then through a cloth mat. The filtrate was added to an equal volume of 
95% alcohol. After a complete mixing, another 1-2 liters of alcohol was added and the 
whole left overnight. The gummy alkali product was collected upon a cloth filter and 
washed thoroughly with alcohol. The spongy precipitate was pulverized underneath 
glacial acetic acid. After several hours, i t  was filtered off and the solid triturated with 
fresh acetic acid. Finally, i t  was collected upon a filter and rinsed free of acid with 95% 
alcohol; yield, 110-120 g. The xylan thus produced was a white, amorphous powder. 
Analysis by the colorimetric method2 showed a purity of 96.8%. Several other methods 
or modifications were tried but this gave the most consistent results. The pentosan con- 
tent of the original hulls, analyzed calorimetrically as before, was 28.6%. 

This preparatiorl was checked by Mr. iM. E. McDougIe, who also determined its 
rotation. The xylan taken for the rotation measurements was dissolved in sodium hy- 
droxide solution and filtered through asbestos (Gooch funnel) to  remove all solids not 
taken out by the cloth filter The aqueous solution used for polarimetric measurements 
contained about equal weights of xylan and sodium hydroxide. 

Rotation. 3.479 g. substance in 125, 180 and250 cc. solution, reading, respectively, 
3.94, 2.75 and 2.00" to the left in a 2-dm. tube a t  30": [orI3$ -70.5, -71.1, -71.S0, 
average, -71.2 '. 

Extraction with Phenol.-Oat hulls, which had stood for twenty-four hours in a 
2% ammonia solution, were washed thoroughly and dried. Then a 24-g. portion was 
heated a t  100' for six hours with 300 g. of phenol which contained 10 drops of concd. 
hydrochloric acid.8 After filtering off the undissolved hulls they were washed well with 
water, dilute acetic acid and finally with water until the washings were free from acid 
This residue, after drying a t  95", weighed 13.1 g. From it,  with the procedure out- 
lined above, there was obtained 4.9 g. of xylan. This yield is 20 4y0 of the weight of the 
original hulls, which is about the same a s  without the phenol treatment. 

All except 0.04 g. of a 0.5-g. sample of xylan dissolved in 10 g .  of phenol which con- 
tained one drop of hydrochloric acid. After removal of the phenol from the fdtrate by 
steam distillation, and solution of the non-volatile residue in sodium hydroxide solution, 
the sodium derivative of xylan was precipitated by addition of alcohol in the usual man- 
ner. The xylan which was thereby obtained weighed 0.39 g. 

Xylose from the Xy1a.n.-Thirty grams of xylan was refluxed for a n  hour with 1.2 
liters of 5% sulfuric acid. Then it was filtered, the filtrate neutralized with barium car- 
bonate, filtered, acidified slightly with phosphoric acid, filtered again and the filtrate 
concentrated to  a thick sirup. Absolute alcohol was added and the solution seeded 
with crystals of xylose. Ultimately, 4.5 g of crystalline xylose, m. p. 146", separated 
The sirup also contained much xylose, for it  readily gave the characteristic double 
salts of cadmium bromide and cadmium xylonate by reaction with cadmium carbonate, 
water and bromine. 

Ethylene and Xy1an.-Two 10-g. samples of xylan were boiled with 100 cc. of water 
and cooled to 22'. One of these emulsions was stoppered and left as a control. The 
other was saturated with ethylene, the flask stoppered and allowed t o  stand for three 
weeks. The solid material was then filtered off and washed with 20 cc. of water. An 
aliquot portion of the filtrate was dropped slowly into hot Fehling's solution and the mix- 
ture boiled for two minutes. By weighing the red cuprous oxide which was produced. 

(8)  Bertrand, Ber., 36, 1460 (1902). 
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it was found that there had been a 10 yo conversion into a reducing sugar. The control 
specimen showed practically no conversion. 

Diacetylxy1an.--Previous workers6.9 have synthesized this compound by heating 
xylan with acetic anhydride alone or with pyridine or zinc chloride. In the present 
work, good results were obtained by heating xylan (10 g.) for six hours a t  70' with 
acetic anhydride (200 cc.) which contained a little nitric acid (2 cc., concd.). Prior to 
the heating the xylan was soaked in water for a day, filtered off and washed on the filter 
with glacial acetic acid. At the end of the heating, the light brown colored solution was 
filtered and the diacetylxylan precipitated by addition of methanol. The weight of the 
white, amorphous product was 8.5 g. 

4na1.10 Subs. 0.5018; acetic acid = 10.47 cc. of 0.4332 N KOW. Calcd. CHs- 
COOH from CE,H~O~(OCOCH~)~, 55.5; found, .55.1. 

Diacetylxylan was soluble in nitrobenzene, aniline and quinoline; very slightly 
soluble in benzene and glacial acetic acid; and insoluble in carbon tetrachloride and cam- 
phor. Nitrobenzene was a suitable cryoscopic solvent. 

Mol. Wt.ll Subs. 0.0605; grams of nitrobenzene, 36.12; f .  p. lowering, 0.0393O. 
Calcd. for C ~ H I ~ O ~ ,  mol. wt. 216; found, 298. 

Saponification of the Diacetylxy1an.-Three grams of the ester and 150 cc. of 10 yo 
potassium hydroxide solution were refluxed for two hours. The diacetate siowly dis- 
solved. Then it was cooled and treated with alcohol till no further precipitation oc- 
curred. The brown gum was filtered off, washed with alcohol and allowed to  stand over- 
night in glacial acetic acid. One gram of xylan was thus produced which was light brown 
in color. 

The preparation of diacetylxylan and its saponification were also checked by Mr. 
M. E. McDougle. The rotation of the xylan produced by saponification of the diacetate 
was determined as before. 

Rotation. Subs. 0.775 g. in 44 and 74 cc. of sodium hydroxide solution, reading, 
respectively, 2.49 and 1.50" to the left in a 2-dm. tube a t  30°, [(ul3; -70.6, -71.6", 
average, -71.1 '. 

Summary 

Xylan was isolated from oat hulls in 22-24% yields by extraction with 
sodium hydroxide solution. Evidence is offered to show that the xylan 
which is isolated in this way is simpler in structure than the pentosans 
in the original plant material. An emulsion of xylan in water was changed 
into a reducing sugar in about ten per cent. yields by the action of ethylene. 
In nitrobenzene as solvent diacetylxylan was found to have a molecular 
weight of about 300. 

EVANSTON, ILLINOIS RECEIVED AUGUST 6, 1932 
PUBLISHED APRIL 6, 1933 

(9) Heuser and Schlosser, Ber., 66, 392 (1923). 
(10) By method of Perkin, J. Chem. Soc., 87, 107 (1905). 
(11) Mr. R. W. McNamee also confirmed thelow molecular weight of the diacetylxylan on some ma- 

terial independently prepared. 
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[CONTRIBUTION PROM THE CHEMISTRY DEPARTMENT OF NEW YORK UNIVERSITY] 

Basis for the Physiological Activity of -0nium Compounds. 
XII. Aryl Ethers of C h ~ l i n e ~ , ~ . ~  

In  a previous paper, the physiological activity4 of the phenyl ether of 
choline has been described. The marked stimulating action of this sub- 
stance on the respiration, and its effect upon the blood pressure, suggested 
to Hunt that it might have an antidotal action to narcotic poisons, par- 
ticularly if the molecule could be so altered as to bring about an augmenta- 
tion of certain effects. We have thought i t  desirable, therefore, to prepare 
a number of substituted phenyl ethers of choline by introducing various 
polar and water soluble groups in the aryl nucleus. It was thought that 
these grocps would modify the orientation of the molecule a t  the adsorbing 
membrane and thus bring about a change in the intensity or duration of 
the stimulating actions. We have, therefore, prepared compounds in which 
a nuclear hydrogen atom has been replaced by hydroxyl, ether, ester, 
amino and acetamino groups. Hunt4 has found that these groups mark- 
edly diminished the stimulating nicotine action and, in certain cases (the 
p-methoxy derivative), the activity was but little more than 5y0 of the 
activity of unsubstituted phenyl ether of choline, and that the acetamino 
group further greatly reduced or abolished this action. 

I n  the preparation of these choline ethers, /3-bromoethyl phenyl ethers 
were condensed with trimethylamine. The bromo ethers were prepared by 
condensing ethylene bromide with the corresponding phenol in the presence 
of potassium hydroxide. With the unsubstituted phenols, the method of 
M a r ~ e l , ~  in which the phenol is condensed by using aqueous alkali, gives 
excellent results, but with substituted phenols the yields are lower and the 
use of alcoholic alkali seems to be superior. In the case of polyphenols, 
there seems to be no record of the production of a monobromoethyl ether, 
although the interaction of the polyphenols with dihalogen alkanes has 
been studied by several workers. V~rlander ,~  in treating hydroquinone 
with sodium ethylate and varying quantities of ethylene bromide, suc- 
ceeded in getting only the bis-ether and, a t  times, a small quantity of 
alkali insoluble, bromine free product. On repeating the experiment with 
aqueous potassium hydroxide, he reported getting an "inextricable mix- 
ture of substances." With catechol, he isolated only the ethylene ether, 

(1) This problem is being carried out in cooperation with Dr. Reid Hunt of the Harvard Medical 
School. The physiological data are the basis of another series of papers published elsewhere by him 

(2) This is the second paper constructed from a thesis presented by C. Y. Hopkins, June, 1929, 
for the degree of Doctor of Philosophy at New York University. 

(3) The authors wish to express their appreciation to  Parke, Davis & Co for a Fellowship which 
has made this work possible. 

(4) Hunt and Renshaw, J .  Pharmacol., 37, 193 (1929). 
(5) Marvel and Tanenbaum, THIS JOURNAL, 44, 2647 (1922). 
(6) Vorlander, Ann., 280, 203 (1894). 
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and with resorcinol he obtained a mixture from which nothing could be 
isolated. 

We have found i t  possible, with hydroquinone, to get a yield of from 14 
to 16% of the mono @-bromoethyl ether by using a methyl alcohol solution 
of potassium hydroxide, whereas the best yield, using aqueous potassium 
hydroxide, was 10%. In all cases investigated with the polyhydroxy- 
phenol, large quantities of the diether and bis compound were formed. 

Less thorough investigation failed to yield a mono ether of resorcinol. 
Attempts to obtain the desired product through the monobenzoyl deriva- 
tive of hydroquinone also failed because of the easy hydrolysis of the latter 
substance. 

Experimental Part 
p-Bromoethyl Aryl Ethers 

Hydroquinone Mono P-Bromoethyl Ether, BrC2H40CsH40H.-A mixture of 22 g. 
of hydroquinone (0.2 mole) and 45 g. of ethylene dibromide (0.25 mole) was dissolved in a 
solution of 11.2 g, of potassium hydroxide (0.2 mole) in 150 cc. of methyl alcohol. The 
mixture was stirred and refluxed for five hours. The potassium bromide was removed, 
most of the alcohol distilled off and the residue poured into 500 cc. of water. The pre- 
cipitate was stirred vigorously with cold benzene (150 cc.), which dissolved the mono- 
and dibromoethyl ethers but not the unchanged hydroquinone nor the bis-ether. (The 
bis compound, previously prepared by V~rl lnder ,~  was isolated from the residue.) 
The benzene solution was washed thoroughly with 8% aqueous sodium hydroxide (100 
cc.) in order to separate the mono-ether from the di-ether. The aqueous layer was partly 
neutralized with hydrochloric acid, filtered with charcoal and acidified. The precipi- 
tate (7.0 g.) was purified by recrystallizing from a mixture of benzene and ligroin, from 
which it separated as faintly yellow, glistening plates, m. p. 107O (corr.). It is soluble 
in alcohol, ether, acetone, chloroform, benzene, acetic acid and n-butyl alcohol, moder- 
ately soluble in methyl alcohol and carbon tetrachloride and slightly soluble in petro- 
leum ether and water. 

Anal. Calcd. for CsHpOzBr: Br, 36.83. Found: Br, 37.01, 36.64. 

Hydroquinone Di-p-bromoethyl Ether, p-(BrC~H40)2CsH4.-The benzene solution 
obtained in the foregoing, from which the mono ether had been extracted with sodium 
hydroxide, was dried over sodium sulfate and evaporated to dryncss. The residue 
(2.5 g.) was recrystallized from benzene containing a little ligroin from which i t  separated 
as slightly yellow, shiny plates, m. p. 115O (corr.). This di-ether is soluble in alcohol, 
benzene, acetone, chloroform and insoluble in water. 

Anal. Calcd. for Qd3lzOzBr~: Br, 49.35. Found: Br, 49.33, 49.27. 

Ethylene Glycol Bis-(nz-hydroxyphenyl) Ether (HOC6H40CHz-)2.-To a solution 
of 11.2 g. of potassium hydroxide (0.2 mole) in 150 cc. of water was added 22 g. of re- 
sorcinol (0.2 mole) and 60 g. of ethylene dibromide (0.33 mole). The mixture was 
boiled under reflux with stirring for five hours. The heavy brown oil which formed was 
separated and treated twice with 50-cc. portions of 5% sodium hydroxide, whereupon 
moat of it dissolved. The alkaline solution was filtered with charcoal and the filtrate 
made just acid to Congo red, thereby precipitating an oil and a white solid. After drying, 
the oil was dissolved by boiling with chloroform and the dry crystals were purified by two 
recrystallizations from 50% alcohol. The substance crystallizes in white, glistening 



1526 R. R. RENSHAW AND C. Y. HOPKINS Vol. 55 

Bakes, m. p. 165" (corr.). I t  is soluble in alcohol, ether and acetone, but insoluble in 
benzene, chloroform, water and ligroin. 

Anal. Calcd. for C14H1404: C, 68.3; H, 5.7. Found: C. 68.8; H, 5.5. 
The oil obtained by chloroform extraction of the crude bis-ether decomposed when 

subjected to a vacuum distillation. 
The ethers described in Table I were prepared in a similar manner by the use of 

methyl alcoholic potassium hydroxide. 

TABLE I 
Halogen, 

M. p. Found 
(corn.), O C .  Calcd. I I1 

~-B~C~H~OCGH+OOCCH~ " 76.5-77 30.86 30.92 30.94 
p-BrCtH4OCeH400CCeHs 119 24.90 24.79 24.90 
9-BrCHzCHzOCoHaOCHa " 49-50 34.59 34.79 34.59 
BrCHzCH20C6H3-2-OCH3-4-CH=CHCH3 * B. p. 190 (12 mm.) 29.48 29.43 29.32 
BrCHzCHzOCaH3-2-OCH3-4-CH2CH=CH2 * 23 " (uncorr.) Characterized by 

B. p. 182' (13 mm.) trimethylamine ad- 
dition product. See 
Table I1 

(~-CH~OCGHICH,-)~ * 147.5" Calcd.: C, 70.0; H, 6.6 
Found: C, 69.6; H, 6.8 

" Diamond-shaped plates from butyl alcohol. Fine needles from 95% alcohol. 
" The product was freed from the bis compound by dissolving in cold acetone and from 
the phenol by repeatea washing of its benzene solution with aqueous sodium hydroxide. 
I t  separated from SOY0 alcohol in shiny plates having an odor suggestive of licorice. 
Yield of purified product, 20%. The oil has a peculiar sweetish odor. " Colorless oil 
obtained in 22% yield having a slight odor resembling eugenol. * The residue from the 
cold acetone extraction in (c) was purified by recrystallizing from hot acetone. It sepa- 
rates as white plates, which are soluble in alcohol, acetic acid, hot water, hot acetone and 
nearly insoluble in benzene. 

Aryl Choline Ethers.-These choline ethers were prepared by condens- 
ing the /3-bromoethyl aryl ethers with trimethylamine, usually in toluene. 
The rate at which this condensation took place varied considerably with 
the particular compound. Where there was a tendency for the elimination 
of the hydrohalide with a formation of trimethylammonium halide, it was 
found that this secondary reaction could be diminished and sometimes pre- 
vented by carrying out the condensation a t  ordinary temperatures. At 
this lower temperature, however, the reaction is frequently very slow, 
requiring a number of days. In work with these materials, as one of us has 
already found with a number of other halogen derivatives, the first material 
crystallizing out sometimes contained a greater amount of the products of 
the secondary reaction, in these cases, trimethylammonium halide. It was 
found, therefore, desirable in certain instances to cool the reaction mixture 
to 0' after the reaction had been allowed to go on for a time, and then 
decant from the crystals formed into another pressure bottle and allow the 
reaction to proceed. It seems worth while to call attention to this phe- 
nomenon since it has happened frequently when definite tests had been 





made to prove the absence of free halogen acids in the sample of halogen 
compound used. These substances were all soluble in water and insoluble 
in benzene, ligroin and ether. Their solubility in acetone and chloroform 
varied considerably. 

Summary 

Several aryl substituted /3-bromoethyl phenyl ethers have been prepared 
including the mono derivative of hydroquinone. These halogen com- 
pounds have been converted into substituted phenyl ethers of choline. 
All of them were less active than the unsubstituted phenyl ether in stimu- 
lating respiration and blood pressure. 
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The Dehydration and Rearrangement of Certain Pinacolyl 
Alcohols and Related Compounds 

The dehydration and rearrangement of pinacolyl alcohols have been 
studied in only four cases in which all the groups involved are aliphatic, 
namely, pinacolyl alcohol itself (tert-b~t~lmethylcarbinol),~ tert-butyl- 
ethyl~arbinol,~.~ tert-amylmethylcarbino14 and tert-butylisopropylcar- 
bin01.~ With only the first of these substances has anything approaching a 
complete study been made. The present investigation was undertaken in 
connection with theoretical studies on the mechanism of rearrangements." 
The pinacolyl alcohols selected were 6,6-dimethyldecanol-5 (I) and 3- 
methyl-3-butylheptanol-2 (11) because of their availability and the variety 
of courses which their rearrangements might follow. These were prepared 
by reducing the pinacolones obtained by Meerwein7 from the rearrange- 
ment of the glycol made from butylmagnesium bromide and ethyl cr- 

hydroxyisobutyrate. In order to conserve the pinacolones, the methods of 
reducing ketones, of dehydrating secondary alcohols and of ozonizing 

(1) Presented in partial fulfilment of the requirements for the Ph.D. degree. Part of this work 
was done under a Grant-in-Aid from the National Research Council. 

(2) Couturier, Ann. chim. phys., [61 26, 433-501 (1892): Zelinsky and Zelikow, Ber., 54, 3250 
(1901); Delacre, Mem. acad. roy. Belg., 296 (1904); Bull. soc. chim., [4] 1, 575, 978 (1907); Nybergh, 
Hyllningsskrift tillagnad Ossiau Aschan, 98-102 (1920) ; Van Risseghem, Bull. soc. chim. Belg., 30, 8 
(1921); Fomin and Sochanski, Ber., 46, 244 (1913); H .  S. Rothrock and P. L. Mennier, unpublished 
results from this Laboratory. 

(3) Faworsky and Alexejewa, J. Russ. Phys.-Chem. Soc., 60, 657-70 (1918). 
(4) Edgar, Calingaert and Marker, THIS JOURNAL, 61, 1483 (1929). 
( 6 )  Whitmore and Houk, ibid., 64, 3714 (1932). 
(6) Whitmore, ibid., 64, 3274 (1932). 
(7) Meerwein. Ann., 419, 121-75 (1919). 
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olefins were studied with related compounds which were available in larger 
amounts. 

By applying the principles which have been found to hold in related 
rearrangements,Qhe products which might be formed by dehydrating the 
pinacolyl alcohols may be predicted. 6,6-Dimethyldecanol-5 (I) might 
give (a) without rearrangement, 6,6-dimethyldecene-4 (111); (b) with 
rearrangement of methyl, 2-butyl-3-methylheptene-1 (IV), 5,6-dimethyl- 
decene-4 (V) and 5,6-dimethyldecene-5 (VI); (c) with rearrangement of 
butyl, 2-methyl-3-butylheptene-i (VII) and 2-metllyl-3-buiylheptene-2 
(VIII). Similarly 3-methyl-3-butylheptanol-2 (11) might give (a) without 
rearrangement, 3-methyl-3-butylheptene-1 (IX) ; (b) with rearrangement 
of methyl, VIII and 2-methyl-3-butylheptene-3 (X); (c) with rearrange- 
ment of butyl, IV, V and VI. Both alcohols gave the same olefins, namely, 
5,6-dimethyldecene-4 (V), 5,B-dimethyldecene-5 (VI), and 2-methyl-3- 
butylheptene-2 (VIII). Relatively more of V and VI were obtained from 
I1 than from I, indicating the greater mobility of the butyl group. No test 
for formaldehyde was obtained with any of the ozonolysis products, thus 
proving the absence of IV, VII and IX and indicating the difficulty in the 
loss of hydrogen from a methyl group when larger groups are available 
even though rearrangement is necessary to give an olefin without a terminal 
methylene g r o ~ p . ~  Butyldimethylacetaldehyde, the ozonolysis product 
characteristic of 111, was carefully sought for. Neither it nor the corre- 
sponding acid could be found. Thus neither alcohol gave a detectable 
amount of normal dehydration without rearrangement. 

The only unsatisfactory part of the study is that involving the presence 
or absence of X. Although its characteristic ozonolysis product, 2-methyl- 
heptanone-3, could not be identified by a solid derivative, its properties are 
so nearly like those of its isomer, 3-methylheptanone-2 obtained from V 
that this failure is not necessarily significant. Moreover, the dehydration 
of the related substance 2-methyl-3-butylheptanol-3 gave VIII and X. 
The latter gave 2-methylheptanone-3 which was identified as the semi- 
carbazone without trouble. 

Experimental 
Preparation of the Pinacolones.--n-Butyl bromide was prepared in 24-mole runs by 

slight modification of the sodium bromide method of Kamm and M a r ~ e l . ~  The mixture 
was refluxed for eight hours. Stirring was continued through the distillation of the bro- 
mide from the reaction mixture. The sulfuric acid washings on dilution with a large 
amount of water gave 440 g. of the bromide. The total yield of n-butyl bromide, b. p. 
98-100" (735 mm.), was 2930 g. (89% of the theoretical amount). 

n-Butylmagnedum bromide was prepared in 8-mole runs with yields of 90-92%. 
Commercial ethyl a-hydroxyisobutyrate was dried with sodium sulfate and dis- 

tilled through a 40 X 1.5 cm. packed, insulated, total condensation, adjustable take-off 

(8) This agrees with a large mass of unpublished data accumulated in this Laboratory. 
(9) "Organic Syntheses," 1921, Vol. I, p. 6. 
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column,lO using a 5:l reflux ratio. The fraction of b. p. 144-145.5' (730 mm.) was used 
for the preparation of 2-methyl-3-butylheptandiol-2,3 according to the method of 
Meerwein.1 The ester in 2-mole lots was added to the Grignard solution from 8 moles 
of n-butyl bromide using a total of 3 liters of ether per run. After removal of ether, the 
product was distilled at  2 mm. pressure and divided into fractions below and above 
50". The lower fraction was distilled through the 40 X 1.5 cm. column at  730 mm., 
giving fractions: (1) below 115", 7 g.; (2) 115-122", 15 g. (n-butyl alcohol, identified 
by the 3,5-dinitrobenzoate); (3) 122-140 O, 9 g.; (4) 140-14S0, 21 g. (unchanged a- 
hydroxyisobutyrate, identified by conversion to the solid acid); (5) 148-183". 10 g.; 
(6) 183-188", 10 g. (reacted instantly with bromine in carbon tetrachloride). The ma- 
terial boiling above 50" (2 mm.) could not be distilled through a packed column because 
of its high viscosity. It was distilled through a 40 X 2.4 cm. column without packing 
except a layer of beads at  the bottom. Otherwise the arrangement of the column was 
as usual. A reflux ratio of over 5:  1 and a pressure of 1 mm. were used. The fractions 
were: (1) 50-80 O, 11 g. ; (2) 80-85 O, 29 g. ; (3) 85-94', 24 g. ; (4) 94-99 O, 7 g. ; (5)  99- 
104 ", 159 g. Fractions 2 4  contained mixtures of the desired glycol and the by-product 
identified by Meerwein as 2-methylheptanediol-2,3.' Fraction 5 solidified in long waxy 
needles, m. p. 31.5-32" (Meerwein 32"); yield 45%, based on the ester not recovered. 
A total of 1314 g. of the glycol-2-methyl-3-butylheptanediol-2,3 was prepared. 

Meerwein's method of rearranging the glycol was slightly modified by lowering the 
temperature of the sulfuric acid by means of solid carbon dioxide (Dry Ice). The glycol 
and a mortar and pestle were cooled to 0'. At this temperature the glycol could be 
finely powdered. A half mole of the glycol was then added over half an hour to 1 kg. 
of coned. sulfuric acid kept at  -20' by the addition of pieces of Dry Ice. Stirring was 
continued for two hours and then the orange colored reaction mixture was kept in the 
refrigerator for ten hours. The mixture (then at  -2") was poured on 1.5 kg. of finely 
cracked ice. The oil layer was separated and the acid layer was extracted with ether. 
The product was distilled under reduced pressure, b. p. 76-82O (4 mm.), 97-107" (15 
mm.). The yield was 63 g. (69%). The other fractions were: (1) below 97" (15 mm.), 
6 g. ; (3) 107-140" (15 mm.), 3 g. ; (4) residue 17 g. Using dilute sulfuric acid kept a t  
- 10 " instead of ice for diluting the reaction mixture did not increase the yield. A total 
of 626 g. of the mixture of pinacolones was prepared. 

The pinacolones were separated according to the procedure outlined by Meerwein, 
the details of which were worked out as indicated in the following typical run. To 184 
g. (1 mole) of the pinacolone mixture, containing about 35% of the methyl ketone, were 
added a solution of 40 g. (0.36 mole) of semicarbazide hydrochloride in 100 cc. of water 
and a solution of 50 g. (0.36 mole) of sodium acetate crystals in 500 cc. of 95% alcohol. 
After cooling for twenty hours in the refrigerator, a considerable crop of crystals of the 
semicarbazone of the methyl ketone (3-methyl-3-butylheptanone-2) separated. After 
stirring and standing six hours more, the crystals were removed by filtration and the 
mother liquor was diluted to 2 liters with water to precipitate the unreacted ketone, 
mainly the butyl ketone (6,6-dimethyldecanone-5). On standing for twenty-four hours 
longer at  0°, more crystals of the semicarbazone of the methyl ketone separated and 
were removed. The unreacted pinacolone from six runs was treated with semicarba- 
zide a? before and allowed to stand a month. More of the crystalline semicarbazone of 
the methyl ketone separated. The entire process was repeated once more to give only 
a small amount of crystals. 

The semicarbazone of 3-methyl-3-butylheptanone-2 after four crystallizations 
from 95% alcohol melted at  105-107". I t  was better purified by two crystallizations 
from 60-80" ligroin. The m. p. was 107.2-107.7" (corr.) and was not raised by further 
crystallizations. A total of 299 g .  of semicarbazone of this purity was obtained. The 

(10) Whitmore and Lux, THIS JOURNAL., 54, 3451 (1932) 
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methyl ketone was regenerated by refluxing half mole portions of the semicarbazone 
with ten weights of 20% oxalic acid solution for four hours. Thc yield was 88 g. (96%). 
Distillation of the products from several runs through a 30 X 0.7 cm. indented column 
using a reflux ratio of 10:l gave 206 g. of 3-methyl-3-butylheptanone-2 of b. p. 104.5- 
105.5" (14 mm.), 70-71" (2 mm.), n2i 1.4371. Meemein gives b. p. 107'.5-108.5° 
(14 mm.), and n?? 1.43667. 

The butyl ketone was recovered from the mother liquors, which gave no further 
crystallization of the semicarbazone of the methyl ketone. Dilution of the solution 
with water, separation and drying of the oily layer gave 313 g. of material. Of this 
only 200 g. distilled. The residue was a tarry material of ammoniacal odor. This 
proved to be impure semicarbazone of the butyl ketone. Treatment with oxalic acid 
solution gave a 78% recovery of the butyl ketone from the tar. All the butyl ketone 
was distiIIed through the 30 X 0.7 cm. column giving 206 g. of 6,G-dimethyldecanone-5, 
b. p. 63.0-63.5' (1.5 mm.), 216-217" (735 mm.), n2i 1.4346. Meerwein gives b. p. 
105.5-106.5" (14 mm.) and n? 1.43420. 

The 2-methylheptanediol-2,3 obtained as a by-product in the preparation of the main 
glycol was rearranged by concentrated sulfuric acid at  -5". From 284 g. of crude ma- 
terial boiling a t  80-99' (1 mm.) was obtained 123 g. of 2-methylheptanone-3 boiling 
at  155-156 O (728 mm.). 

Reduction of the Pinaco1ones.-Preliminary experiments on various methods of 
reduction were tried with less expensive ketones. 

Platinum oxide catalyst was prepared according to the method of Adams and 
Shriner and successfully tested in the reduction of maleic acid in a Burgess-Parr hy- 
drogenation apparatus according to the method of Adams and Voorhees. Acetone was 
hydrogenated with this catalyst to give an 80% yield of isopropyl alcohol, b. p. 79-82" 
(732 mm.). All attempts to reduce the following ketones with this platinum oxide cata- 
lyst gave only unchanged material: methyl isopropyl ketone, methyl n-amyl ketone, 
2-methylheptanone-3 and the pinacolone, 3-methyl-3-butylheptanone-2. 

Reduction of the first three of these ketones by sodium and moist ether, moist ben- 
zene and various dilutions of ethyl alcohol with water gave yields of the carbinols up to 
65%. When the best conditions were used with the pinacolones further refinements 
were introduced which increased the yields. A typical run follows. 

To 46 g. (0.25 mole) of 6,6-dimethyldecanone-5 in a 500-cc. three-necked flask fitted 
with a special mercury-scaled stirrer and a reflux condenser were added 150 cc. of a solu- 
tion of sodium carbonate saturated a t  room temperature and 150 cc. of benzene. The 
stirrer, of the propellor type with highly pitched blades, extended just below the sur- 
face of the benzene and was run at  a rate slow enough to avoid much disturbance of the 
sodium carbonate solution. Over a period of thirty-six to forty-eight hours 30 g. (1.3 
moles) of sodium was added in small portions in 1-2 mm. cubes. The pieces of sodium 
floated on the sodium carbonate layer. At the end of the time, 50 cc. of water was added 
to dissolve solid sodium carbonate which had separated and to react with the last of 
the sodium. The benzene layer was distilled through a 60 X 1.4 cm. packed adiabatic 
column using a reflux ratio of 1: 1 until the boiling point reached 82" (733 mm.). The 
residue was distilled under reduced pressure through the same column using a reflux 
ratio of 5:l. The yield of 6,6-dimethyldecanol-5 of b. p. 112-113° (15 mm.) was 90%. 
The ketone was reduced in six runs, the fore-run from each distillation being added to 
the next reduction. A total of 174 g. of the alcohol was prepared. I t  had the follow- 
ing properties: n 2  1.4469; diO 0.845. 

Anal. Calcd. for ClpHzcO: C, 77.3; H, 14.1. Found: C, 77.4; H, 14.1. 

In an exactly similar way 3-methyl-3-butylheptanone-2 was reduced to give 180 
g. of 3-methyl-3-butylheptanol-2, b. p. 112.0-112.5° (14 rnm.), n2i 1.4492, d$O 0.850. 
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Anal. Calcd. for Cl2H280: C, 77.3; H, 14.1. Found: C, 77.6; H, 14.0. 

Dehydration of the Pinacolyl Alcohols.-Again preliminary experiments were tried 
on less expensive carbinols. Since the literature is definitely lacking on the dehydra- 
tion of alcohols these experiments will be given in some detail. 

n-Butylisopropylcarbinol (24 g.), b. p. 159-164" (740 mm.), was heated with pure 
p-toluene sulfonic acid (0.5 g.) a t  150" for two hours without the formation of any 
olefin. The addition of a trace of phenol and heating for two hours more gave no 
change. Finally the mixture was refluxed (162 ") for two hours. The original carbinol 
was recovered unchanged. When 20 g. of the recovered carbinol was refluxed for two 
hours with a solution of 15 cc. of concd. sulfuric acid in 25 cc. of water, 8.5 g. of olefin, 
b. p. 125-140" (739 mm.), was obtained. 

Capryl alcohol was treated with various concentrations of 100% sulfuric acid in 
glacial acetic acid a t  various temperatures. At lower temperatures there was no re- 
action. At higher temperatures small amounts of olefin and large amounts of capryl 
acetate were obtained. 

Experiments with solutions of 100% sulfuric acid i:: diethy! ether were inore succrss- 
ful, giving as high as 5070 yields of olefin. 

Finally nineteen runs were made with capryl alcohol and 100yo sulfuric acid in 
varying amounts and under widely varied conditions.ll The best run follows. To 130 
g. of capryl alcohol (b. p. 177.2-177.4" (740 mm.), n2: 1.4260), in a 250-cc. flask connected 
to a 60 X 1.4 cm. packed adiabatic column set for vacuum distillation was added 5 cc. 
of 100q/o sulfuric acid. The mixture was heated to boiling and distilled a t  atmospheric 
pressure for eight minutes. The pressure was then gradually reduced to 50 mm. while 
the remainder distilled. The total time was twenty-five minutes and the highest tem- 
perature a t  the head of the column was 92". A 90% yield of olefin of b. p. 122-128" 
(733 mm.) was obtained. 

Similar experiments were made with dicapryl alcohol, 7-methylpentadecanol-9, 
(b. p. 130-132' (2 mm.), 102-104" (0.25 mm., McLeod gage), n? 1.4478). With 25 
and 50y0 solutions of 100% sulfuric acid in glacial acetic acid, 60% yields of olefins were 
obtained. Nine runs were made with dicapryl alcohol and small amounts of sulfuric 
acid. The best of these follows. To 54.3 g. of dicapryl alcohol in a flask attached to a 
10 X 1 cm. packed column was added 1.3 cc. of 100% sulfuric acid. The mixture was 
heated for five minutes a t  a gradually decreased pressure of 500-100 mm. The few 
cc. of distillate was returned to the flask, the whole washed with sodium carbonate solu- 
tion and water, dried by heating under reduced pressure and distilled through the 30 X 
0.7 cm. column (McLeod gage). A yield of 45.7 g. of olefin of b. p. 106-111 " (4 mm.) 
and 12% 1.4419 corresponding to  91% was obtained. This procedure was repeated with 
a yield of 90%. 

6,6-Dimethyldecanol-5 was dehydrated in the same way as the dicapryl alcohol. 
This was done in five runs, each using 55 g. of the alcohol and 2 cc. of 100% sulfuric acid. 
The pressure was reduced to 400 mm. and the mixture was heated as rapidly as possible 
with a free flame. I n  seven minutes 4 cc. of water and 10 cc. of olefin distilled, the dis- 
tillation temperature reaching 140". The reaction mixture was cooled a t  once, mixed 
with the distillate, washed with 20 cc. of sodium carbonate solution saturated a t  25", 
separated, dried by warming under reduced pressure and distilled through the 30 X 0.7 
cm. column without reflux. The yield was 46.6 g. of olefin of b. p. 78-83" (14 mm.), and 
n2z 1.4370, corresponding to 93%. A residue of 2.9 g. was added to the next run for 
dehydration. In this way 183 g. of the alcohol gave 135 g. of olefin representing a yield 
of 82%. 

3-Methyl-3-butylheptanol-2 was dehydrated in an  exactly similar way in three 

(11) Cf. Senderens, Compr. rend., 164, 777 (1913). 
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runs. In this way 167 g. of the alcohol gave 141 g. of olefin of b. p. 80-85" (15 m~n.)  and 
n2: 1.4374 corresponding to a 93% yield. 

The Structure of the 0lefins.--The technique of ozonolysis and identification of the 
resulting products was developed with the olefins from the dehydration of dicapryl 
alcohol and of 5-isopropylnonanol-5. The latter was prepared in 69y0 yield from ethyl 
isobutyrate and n-butylmagnesium bromide. Properties: b. p. 75.0-75 (2 mm.), 
110-113" (16 mm.), n2$ 1.4446, d i O  0.844. 

Anal. Calcd. for ClzHz60; C, 77.3 ; H, 14.1. Found: C, 77.4; H, 14.0. 

The olefin mixture from dicapryl alcohol on ozon~lys is~~ gave definite indications 
sf hexaldehyde, heptaldehyrle and 2-methyloctanal l3 

The dehydration of 5-isopropylnonanol-5 with a trace of sulfuric acid or iodine gave 
90% yields of olefins (b. p. 190-195" (732 mrn.), n? 1.4376). Ozonized oxygen was 
passed for thirty-two hours into a solution of 33.6 g. (0.2 mole) of these olefins in 200 
cc. of petroleum ether (b. p. 5-30")." The solvent was then removed a t  35O and 25 
mm. pressure; yield of crude ozonide 96%. This was decomposed with boiling water 
and zinc dust.12 A trap containing alcohol kept below 0" was connected with the 
apparatus. When the first part of the aqueous distillate was redistilled and the first 
portion treated with benzaldehyde and alcoholic sodium hydroxide,15 dibenzylidene 
acetone, m. p. 110-111°, was formed. Extraction of the reaction mixture with ether 
gave 29 g. of carbonyl compounds, a yield of 76%. Two distillations through the 30 X 
0.7 cm. column using a reflux ratio of about 10:l gave eight fractions of b. p. 48 to 200" 
and n22 1.4119 to 1.4237. The 65-75" fraction gave the 2,4-dinitrophenylhydrazone of 
butyraldehyde, m. p. 122". The 153-158" fraction gave the semicarbazone of 2-methyl- 
heptanone-3, m. p. 109 ". The 183-188' fraction gave the semicarbazone of nonanone-5, 
m. p. 89-89.5'. These were all confirmed by mixed melting point determinations. No 
other products were identified. The dehydration of 5-isopropylnonanol-5 thus gives 
two olefins, 2-methyl-3-butylheptene-2 and 5-isopropylnonene-4 hydrogen being sup- 
plied by both the isopropyl and butyl groups. The amounts of the various carbonyl 
compounds obtained indicates that the former is formed in much the larger amounts. 

The olefins from 6,6-dimethyldecanol-5 were ozonized in the same way giving yields 
of crude ozonides of 94-98%. These were decomposed by zinc and boiling water as 
before using the special apparatus devised by one of us (K.) for the rapid removal of 
the products to avoid their o ~ i d a t i o n . ~ V h e  ozonolysis products (65 g.) were twice dis- 
tilled through a 60 X 1.4 cm. packed adiabatic column using a reflux ratio of over 20 : 1. 
Sixteen fractions and a residue of 7 g. were obtained. Fraction 1 gave dibenzylidene 
acetone, m. p. 110.5-111.5"; fraction 3, 6.5 g., b. p. 70-75" (741 mm.), n2; 1.3813, 
and fraction 5, 6.7 g., b. p. 123-127' (741 mm.), n22 1.4009, gave the 2,4-dinitrophenyl- 
hydrazones of n-butyraldehyde, m. p. 121" and of hexanone-2, m. p. 106". Mixed 
melting point determinations coniirmed these substances. Fraction 8, 4.3 g., b. p. 150- 
155" (741 mm.), n? 1.4124 gave no semicarbazone even on standing for seventeen days. 

Repeated attempts to make a solid derivative from this fraction resulted in only 
a small amount of the semicarbazone of 3-methylheptanone-2, m. p. 87",16 which 
was obtained in larger amounts from fractions 9-11, 10.4 g., b. p. 155-161°, n 2  1.414; 
mixed m. p. 87-88'. 

(12) Whitmore and Church, THIS JOURNAL, 54, 3712 (1932). 
(13) This work is being continued by J. M. Herndon in this Laboratory 
(14) Supplied by The Viking Corporation, Charleston, W. Va. 
(15) Straus and Caspari, Ber., 40, 2698 (1907). 
(16) Powell [Tars JOURNAL, 46, 2517 (1924)] gives the melting point of this semicarbazone as 82' 

This is evidently in error. 3-Methyl-heptanone-2 was synthesized from ethyl n-butylacetoacetate 
and methyl iodide in 45% yield. I t  had b. p. 157-161' (733 mm.) and n 2  1 414. Its semicarbazone 
was crystallized from absolute ethyl alcohol to constant m. p 87-88'. Anal Calcd. for CgHnON3: 
C,58.3;  H,10.3.  Found C,58.5;  H,10.5. 
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Fractions 14 to 16, 9.1 g., b. p. 178-200°, n2$ 1.42, on distillation gave material of 
b. p. 187-192' and n2i 1.421, which formed the semicarbazone of nonanone-5, as shown 
by melting point and mixed melting point of 89 ". 

The material in the cold alcohol trap and the aqueous distillates were tested for 
formaldehyde using resorcinol and sulfuric acid. No formaldehyde was detected. 
The test as used gave positive results with known solutions of formaldehyde in the 
presence of acetone, butyraldehyde and a mixture of the two. 

If the dehydration of 6,6-dimethyldecanol-5 had taken place without rearrange- 
ment, one of the ozonolysis products of the resulting olefin would be a Cs aldehyde boil- 
ing in the range 130-150". Fractions 7-9; b. p. 130-157°, were tested for aldehydes 
with SchWs reagent with negative results.17 

The identification of acetone, butyraldehyde, nonanone-5, hexanone-2 and 3- 
methylheptanone-2 in the ozonolysis products shows that the olefins from the dehydra- 
tion of 6,6-dimethyldecanol-5 are 

CHa CHj 
I I 

(a) 5'8-dimethylclecene-4, C~H~CH=C-CH-~4Hp 0') 
CHs CHs 

I I 
(b) 5,6-dirnethyldecene-5, c~H~-c===c-c~H~ (VI) 

CHs C4Hs 
I I 

(c) 2-methyl-3-butylheptene-2, CH~-&=c-c~H~ (VIII) 

The olefins from the dehydration of 3-methyl-3-butylheptanol-2 were ozonized in 
an exactly similar way. The yields of crude ozonide and crude carbonyl compounds 
were 96 and SOY0, respectively. The careful fractionation of 71 g. of the carbonyl com- 
pounds through a 60 X 1.4 cm. column and then through a 60 X 0.7 cm. column of the 
usual type employed in these researches gave fifteen fractions and a residue of 6.3 g. 
The water layer from the steam distillation of the ozonolysis product contained acetone. 
Fraction 3 ,3  g., 5-6, 13.5 g., contained butyraldehyde and hexanone-2. Fractions 8-9, 
13 g., b. p. 153-158' (733 mm.), n? 1.413, gave a semicarbazone which melted a t  76' 
even after many crystallizations. The melting points of the semicarbazones of 2- 
methylheptanone-3 and 3-methylheptanone-2 are 110 and 88", respectively, the boiling 
points of the ketones are 155-156" and 157-159' and their refractive indices are 1.412 
and 1.414, respectively. Treatment of 16 g. from fractions 7-12 with sodium bisuEte 
solution failed to give any separation. The material which did not react with the 
bisulfite was fractionated giving 2 g. of material of b. p. 152-157' (738 mm.) and n? 
1.4120. This gave a small amount of a semicarbazone of m. p. 75". Three crystalliza- 
tions from absolute alcohol and three from 50-70' petroleum ether gave a constant 
melting point of 86-87'. A mixed melting point proved this to be the semicarbazone of 
3-methylheptanone-2. Study of the mother liquors from this material failed to indi- 
cate the presence of any of the semicarbazone of the isomeric 2-methylheptanone-3. 

Fractions 10-11, 9.1 g., b. p. 158-161" (735 mm.), n2$ 1.414, also contained 3- 
methylheptanone-2. Fractions 14-15 on redistillation gave material of b. p. 186-190" 
(735 mm.) and na$ 1.424 which formed the semicarbazone of nonanone-5. 

The water layers and the alcohol trap gave no test for formaldehyde, thus eliminat- 
ing from consideration all olefins containing a terminal double bond, including the prod- 
uct which would be formed by a normal dehydration without rearrangement. 

The identification of n-butyraldehyde and 3-methylheptanone-2 showed the pres- 
ence of 5,6-dimethyldecene-4. Hexanone-2 indicated 5,6-dimethyldecene-5. These 
two olefins were formed by the shift of one of the two butyl groups. The formation 

(17) Cf. Conant and Bartlett, Tms JOURNAL, 84, 2896 (1932). 
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of acetone and nonanone-5 showed the presence of 2-methyl-3-butylheptene-2, formed 
by the shift of the methyl group. If none of the isomeric substituted heptene-3 was 
formed (as indicated by the failure to identify any 2-methylheptanone-3), i t  indicates 
that the loss of a proton by the rearranged fragment took place exclusively from the 
tertiary hydrogen and not a t  all from the butyl group. This would be surprising in that 
the dehydration of 5-isopropylnonanol-5 gave dehydration involving both the tertiary 
hydrogen and the butyl group, although mainly the former. This possible inconsistency 
is being studied further 

Summary 

1. Meerwein's preparation of 6,6-dimethyldecanone-5 and 3-methyl-3- 
butylheptanone-2 has been repeated and checked in every detail. 

2. A method for reducing complex ketones has been developed and 
applied to these two pinacolones to give nearly quantitative yields of 6,6- 
dimethyldecanol-5 and 3-methyl-3-butylheptanol-2. 

3. A method for dehydrating secondary alcohols with sulfuric acid has 
been developed with capryl alcohol and dicapryl alcohol and has been 
applied to the two pinacolyl alcohols in 2 to give over 90% yields of olefins. 

4. The two pinacolyl alcohols in 2 underwent the reversed pinacolone 
rearrangement, giving mixtures of the same three olefins, 5,6-dimethyl- 
decene-5 and -4 and 2-methyl-3-butylheptene-2. None of the expected 
2-methyl-3-butylheptene-3 was detected in the olefins from 3-methyl-3- 
butylheptanol-2. The structure of the olefins was determined by ozonoly- 
sis by a technique developed in this Laboratory. 

5. 5-Isopropylnonanol-5 was prepared and dehydrated to give the 
olefins, 2-methyl-3-butylheptene-2 and -3 as shown by their ozonolysis 
products. 

STATE COLLEGE, PENNSYLVANIA RECEIVED AUGUST 8, 1932 
PUBLISHED APRIL 6, 1933 



Resin Studies. 11. A Study and Extension of the 
Liebermann Color Reaction for Abietic Acid 

Introduction.-Abietic acid enters into many color reactions, e. g . ,  i t  
gives brilliant colorations with antimony pentachloridel1 phenol and 
bromine in carbon tetrachloride ~o lu t ion ,~  methyl or ethyl sulfate3 and 
sulfuric acid in the presence of acetic ar~hydride.~ Liebermann's test is the 
most characteristic and is carried out by dissolving a few mg. of the 
sample in 2-3 cc. of warm acetic anhydride and adding a few drops of 
concentrated sulfuric acid to the cooled solution. A violet or purplish-red 
color appears instantly but changes rather quickly through reddish-brown 
to yellowish-brown. The chemistry of the Liebermann test has not been 
elucidated. As an approach to this problem there are discussed in this 
paper the various factors which influence the color production observed in 
the test, the effect on the colorations of the substitution of other reagents, 
and the possible structural relationship existing between abietic acid and 
other compounds of definitely known structure which give the same 
colorations with the same reagents. 

Experimental 
Abietic acid was prepared from American "I" wood rosin by Steele's method? 

acid and saponification no., 185.4; -75.5 (5% in ethyl alcohol); m. p. 158". 
Eastman organic reagents were redistilled and used without further purification. Some 
of the terpenes used in the tests were generously donated by Schimmel and Co. 

The Unmodified Liebermann Reaction.-The colors produced when sulfuric acid 
is added t o  an acetic anhydride solution of abietic acid depend on the concentration of 
the solution, the temperature, and the amount of mineral acid added. The following 
table summarizes the results obtained by adding 0.05 cc. of 95% sulfuric acid to  2 cc. of 
solutions of the concentrations indicated. The numbers above the arrows show ap- 
proximately the number of seconds required for the color change. 

Concn. of abietic acid Colorations ( 2 5 O )  
45 75 

>0.3 M Blue -4 violet-blue --+ violet -+ brown 
17 163 

. 2  M Blue + greenish-blue --+- green-black -+ brown 
8 12 

.1 M Violet-blue -+ blue ---t green --+- brown 
4 4 9 

.05 M Purple -+ violet green-blue green -+ browti 
25 30 

.O1 M Reddish-violet -+ brown-violet -+ brown 

(1) Steinle and Kahlenberg, J. Biol. Chem., 67, 425 (1926). 
(2) Hicks, Ind. Eng. Chem., 3,  86 (1911). 
(3) Sans, Ann. chim. anal. appl., 14, 140 (1909). 
(4) Liebermann, Ber., 17, 1884 (1884). Unimportant modifications have been suggested by 

Starch [Bey. osteri. Ges. chem. Ind., 9 ,  93 (1887)l: Morawski [Chem. Z., 12, 1321 (1888)], and Burchard 
[Dissertation, Rostock, 18891. 

(6) Steele, THIS JOURNAL, 44, 1333 (1922). 
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The reaction mixture developed a green or bluish-green fluorescence which was most 
pronounced in the dilute solutions. At higher temperatures the first color was of shorter 
duration, e .  g., at  100" there was only a momentary flash of the initial color and the inter- 
mediate shades did not appear a t  all. At low temperatures the colors were only slightly 
less fugitive than a t  room temperature. Sulfuric acid in excess of a few drops per 2 cc. 
of abietic acid solution renders the test less delicate due to side reactions and the heat 
produced on mixing acetic anhydride and the mineral acid. This latter effect can be 
avoided by dissolving the anhydride in the sulfuric acid before adding it t o  the abietic 
acid solution. Practically any concentration of sulfuric acid can be used for the test 
since the anhydride dehydrates the dilute acid. The colorations are also produced by 
adding acetic anhydride and sulfuric acid to a solution of abietic acid in an inert solvent. 
Burchard4 used chlorofornl but other polyhalides, alkyl halide.;, hydrocarbons and car- 
boxylic acids can also be used. The reaction products separated as a tar  from those 
solvents in which sulfuric acid is insoluble. It was not possible to extract the colored 
intermediates by any of the great number of solvents tried. The colorations were in- 
stantly destroyed by water. 

The Test with Reagents Other than Acetic Anhydride and Sulfuric Acid.-The 
anhydrides propionic to heptanoic, and also Iauric, and chloroacetic, succinic, benzoic, 
phthalic and maleic anhydrides were substituted for the acetic anhydride. The colora- 
tions produced on addition of sulfuric acid to these solutionsB were practically the same 
as those obtained with acetic anhydride solutions. 

On addition of 0.05 cc. of sulfuric acid to 2 cc. of 0.3 M solutions of abietic acid in 
the acyl chlorides acetyl to heptanoyl, and also lauroyl, the following series of colors 
was obtained: greenish-brown --+ purplish-blue or blue -+ purple. The purple 
slowly passed to brown or reddish-brown. With the acyl chlorides the color changes 
occurred more slowly than with the anhydrides. Acyl chloride solutions of abietic acid 
darken on standing. The anhydride solutions remain colorless for months. With 
benzoyl chloride a strikingly brilliant series of colors was produced: greenish-brown + 
greenish-blue -+ indigo-blue --+ purple. The final color was a dull brown. Ben- 
zoyl chloride should replace acetic anhydride in the Liebermann reaction for abietic acid. 

Solutions of abietic acid in acetamide and propionamide yielded pink to  dark red 
colors on treatment with sulfuric acid. No characteristic colorations were obtained 
with benzene sulfonyl chloride as the solvent. 

Solutions of abietic acid in the ethyl esters of the acids acetic to lauric were colored 
pale yellow by the addition of sulfuric acid. The color slowly darkened to a bright straw- 
berry-red which was stable for several minutes. Alkyl halides, ethers, alcohols, hy- 
drocarbons, carboxylic acids, ketones, aldehydes, etc., were used as solvents for the 
abietic acid. Sulfuric acid produced only dull red or brown colors in these solutions. 

Although acetic anhydride is replaceable in the Liebermann test by other anhydrides 
and by acyl chlorides, the function of the sulfuric acid is apparently unique. Solutions 
of abietic acid in acetic anhydride and in all of the other solvents mentioned above were 
treated with other concentrated acids and condensing agents. Without exception, 
either no coloration, or only a red or reddish-brown coloration, was obtained with 
&Pod, HPOs, HC104, P205, HCI gas, (CzHs)zS04, NaHS04, ZnClz, AIC4 and anhydrous 
CH3COONa. 

The roles of the anhydride or acyl halide and the sulfuric acid may be interchanged. 
With sulfuric acid as solvent for the abietic acid the addition of RCOCl or (RC0)zO to  
a freshly prepared solution immediateIy produced the characteristic colorations a t  the 
interface of the two liquids. Under these conditions the colors were exceedingly fugitive 
and the mixture quickly became reddish-brown. Since the colorations are produced 
immediately regardless of which reagent is used as the solvent, any reactions preceding 

(6) In the case of the solid anhydrides the sulfuric acid was added to the molten mixture. 



the color formation must occur practically instantly on contact of the compounds in- 
volved. The few reactions which are known to occur between the compounds entering 
into the Liebermann test require considerable time for completion and can therefore be 
of no significance in the color production. It is possible that abietic acid and the an- 
hydride or acyl chloride react to form a molecular compound as rapidly as the abietic 
acid dissolves. The colorations produced on the addition of sulfuric acid would then 
depend on the reaction or rearrangement of this molecular compound to form a color 
producing configuration. Many compounds, e. g., the chalcones, exhibit this phenome- 
non (halochrorni~m)~ in the presence of concentrated sulfuric acid, which has been used 
for comparing the halochromatic properties of a large variety of compo~nds.~ To 
explain the colorations produced by bufonin with the Liebermann reagents, Wieland 
and Weil assumed that acetic anhydride adds directly to a double bond. This addition 
product, after rearrangement, reacts with sulfuric acid to form "halochromic ketone 
 sulfate^."^ 

Attempts were made to isolate the colored substances formed in the Liebermann re- 
action and also to determine the fate of the abietic acid in the reaction. It was not 
possible to stabilize the colored products and the substances isolated were invariably 
mixtures of unchanged abietic acid and unworkable tarry material. This part of the 
work is being continued. 

The Possible Structural Significance of the Liebermann Test for Abietic Acid.- 
The Liebermann reagents have been applied to a fairly large number of compounds. 
Other anhydrides and the acyl chlorides have not been used before in this test. The 
following list, which includes those compounds producing some coloration when treated 
in acetic anhydride solution with a few drops of concentrated sulfuric acid, has been 
compiled from Beilstein and the original literature: 1.4-dihydrobenzene, 1,3-dihydro- 
2,3-dimethylbenzene, 1,3-dihydro-1,3-dimethylbenzene, 2-isopropenyl-1-methylcyclo- 
pentene, 1-(a-methylally1)-cyclohexene, A~,S(~)-o-menthadiene, A2,4-p-menthadiene, 4- 
isopropenyl-1,2,4-trimethylcyclohexene, 3-(A2-buteny1)-2,4,4-trimethylcyclohexene, 3- 
(a-hydroxyisopropy1)-2,2-methylcyclopentene 3(or 4-)-(a-hydroxyisopropyl)-1-(or 2-)- 
methylcyclopentene, A'-8-0-menthenol, 3-(a-hydroxyisopropy1)-1-methylcyclopentanol 
produce red (or rose, carmine, etc.) colorations. 4-Isopropenyl-3-methylcyclopentene, 
~~~8(~)-m-menthadiene, ~~l~(~)-m-menthadiene (?) or isocarvestrene, A4~6-m-menthadiene, 
A6-8-m-menthenol, A2-1,2-dimethylcyclohexenol or cantharenol, 1-(a-hydroxyisobuty1)- 
3-methylcyclohexene, diresorcin (at 100°), ethyldiresorcin, produce violet colorations. 
~~.s(')-m-menthadiene or sylvestrene, carvestrene (dl-sylvestrene), d- and d l - ~ ~ ~ ~ ( ~ ) - m -  
menthadiene, Al-8-m-menthenol, AZ-m-menthenol, carveprene (Aschan), produce blue 
colorations. ~~*~(~)-o-menthadiene, A8-8-o-menthenol, 1,4-dihydro-1,4-diisopropenyl- 
benzene, 3,4-dihydro-1-isopropenylnaphthalene, 3,4-dihydro-1-(a-hydroxyisopropy1)- 
naphthalene, 1,2,3,4-tetrahydro-1-isopropenylnaphthalene produce brown, yellow or 
green colorations. 

According to Aschanlo only structure I produces the blue color. Structure 
VI (below) symbolizes the only known m-menthadiene with both double 
bonds in the ring. This compound gives a violet color in the Liebermann 
test." Monocyclic terpenes with the isopropenyl group ortho or para to 
the methyl group do not give characteristic colorations with the Liebermann 
reagents. Many other compounds of unknown or incompletely deter- 

(7) Dilthey, Neuhaus akd Schommer, J .  9rakt. Chem., 123, 235 (1929). 
(8) Pfeiffer, "Organische Molekulverbindungen," 2d ed., p. 68. 
(9) Wieland and Weil, Ber., 46, 3315 (1913). 

(10) Aschan, "Naphtbenverbindungen, Terpene und Campherarten," 1929, p. 121. 
(11) Henderson and Smeaton, J. Chem. Soc., 117, 144 (1920). 
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mined structure also give colorations with acetic anhydride and sulfuric 
acid, e. g., cholesterol and some other sterols, certain of the bile acids, 
bufonin, lupeol, octahydroazulen, certain sesquiterpenes, arnidiol, brein, etc. 

The above list is necessarily incomplete, but it is significant that with 
one important exception (VI), most of the compounds of known structure 
which give blue or violet colors with acetic anhydride and sulfuric acid are 
m-menthadienes containing the isopropenyl group and m-menthenols which 
can give, through dehydration, menthadienes containing this side chain. 
The location of the second double bond in the ring can vary since ali of the 
following configurations are represented in the compounds giving blue or 
violet colors 

C C C C C C 

It is shown above that pure abietic acid in acetic anhydride solution gives 
a blue or violet initial color12 when treated with a little sulfuric acid. 
This suggests the possibility that abietic acid contains the m-menthadiene 
configuration which is apparently responsible for the same colorations 
observed in the test with other compounds of practically certain structure. 
Derivatively, however, abietic acid is apparently a hydrogenated methyl- 
retene carboxylic acid, and consequently should contain an isopropyl group. 
The products obtained by ozonization and permanganate oxidation of the 
compound include isovaleric acid, isobutyric acid and acetone. The 
formation of these compounds is obviously most conveniently explained by 
the presence of an isopropyl group. When abietic acid is heated with sulfur 
a I 7y0 yield of retene (I-methyl-7-isopropy1phenant;hrene) is obtained.13 
With selenium a 70y0 yield of retene is produced.14 I n  the temperature 
range in which these reactions were carried out (250-350") hydrogen 
selenide decomposes into its elements forming an equilibrium mixture 
containing only 25% of hydrogen selenide,16 so that dehydrogenation of the 
ring system proceeds in a medium which could reduce an unsaturated side 
chain. At the same temperatures hydrogen sulfide is much less decomposed. 

Although L. Ruzicka16 and others have pointed out that the reactions 
with sulfur and selenium are drastic ones and not unattended by the 
possibility of rearrangement or other change, the unaltered retene con- 
figuration is retained in most of the structures proposed for abietic acid , 

(12) With abietic acid and probably with many other compounds the intermediate violet or reddish 
shades are probably mixtures of the initial blue color with the final reddish-brown products. 

(13) Vesterberg, Ber., 36, 4200 (1903). 
(14) Diels and Karstens, ibid. ,  B60, 2323 (1927). 
(15) Bodlinder, Z. physik. Chem., 29, 429 (1899). 
(16) Ruzicka, Bull. I'insl. pin., 69, 115 (1929). 



but there is no general agreement on the positions assigned to the second 
methyl group, the carboxyl group and the two unsaturated linkages.17 
If the isopropyl group in the abietic acid carbon framework is replaced by 
the isopropenyl group18 and the second methyl group allocated to a posi- 
tion meta to this side-chain, two structures for the compound are possible: 

AA 
I: I:: v l3 \ 'f :l-c/c v \c VII 

C- C / C  
xc  VIII  

By analogy with the menthadiene structures discussed above, the second 
double bond must be located in the ring to which the isopropenyl group is 
attached. This bond may have any of the positions indicated in structures 
I to V (above), excepting the positions between C13 and C14 and between 
Cs and C14 in formula VIII. Although two positions are possible for the 
methyl group, Cs is the only "free" meta position. However, since this 
methyl group is eliminated in the reaction with sulfur and selenium, attach- 
ment to a quaternary carbon like Cl4 is suggested. I t  is not intended to in- 
fer the structure of a compound, or part of a compound, from the observa- 
tion of a color test. Considering, however, the uncertain mechanism of the 
reaction between sulfur or selenium and abietic acid, the conflicting con- 
clusions deducible from the chemical degradation of the compound, and 
the remarkable specificity of the Liebermann reagents for the ~ " ~ ~ ( ~ ) - r n -  
menthadiene grouping, it is not unreasonable to regard the reaction as a 
piece of chemical evidence which indicates the possibility of similarity 
between this latter type of structure and part of the abietic acid molecule. 

Summary 
A brilliant methylene-blue color is the most characteristic of the colora- 

tions produced when sulfuric acid is added to an acetic anhydride solu- 
tion of abietic acid. 

Other anhydrides and acyl chlorides can replace acetic anhydride in the 
test. Benzoyl chloride gives the most brilliant series of colorations. 

On the basis of the Liebermann co1g.r reaction for abietic acid i t  is sug- 
gested that abietic acid may contain the AXx8("-rn-menthadiene grouping. 

PHILADELPHIA, PENNSYLVANIA RECEIVED AUGUST 9, 1932 
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(17) Margosches, Fuchs and Ruzicka, Chem. Umschau Felte, ole, Wachse Harze, 36, 115 (1929); 
Ruzicka, Goldberg, Huyser and Seidal, Ifelu. Chim. Acta, 14, 545 (1931); Rouin, Bull. I'inst. Pin., 
69, 124 (1929); Dubourg, ibid., 59, 138 (1929); Aschan, Fenno-Chem., 1, 18 (1929). 

(18) The following construction of the color test leaves the position of the carboxyl group inde- 
terminable, hence it has been omitted from formulas VII and VIII. 
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The Pyrolysis of Mandelic Acid and Related Compounds 

When a-hydroxy acids are heated they undergo two different types1 of 
dehydration: (I) into esters or inner esters (lactide, etc.), and (2) into a 
cyclic acid anhydride. For mandelic acid to behave analogously there 
should be formed mandelylmandelic acid (an ester) (I), the inner ester 
(11) or dirna~iddic anhydride (111). The esters (I) and (11) were COE- 

sidered by Bischoff and Waldeq2 who pyrolyzed mandelic acid. Other de- 
composition products which they reported were benzaldehyde, diphenyl- 
maleic anhydride and a gas thought to be carbon monoxide. 

In the present work with mandelic acid it was established that both 
types of pyrolysis occur. The fact that residues were formed by heating 
a t  200" for two and six hours which possessed average molecular weights of 
380 and 500, respectively, and from which mandelic acid could be regener- 
ated on saponification points to polymers of the recurring unit type 

(mol. wt. = 420 and 554 when n = 1 and 2). undoubtedly some cyclic 
ester (lactide type) was also present. Almost no gases were formed a t  
200 O. 

The depression of the melting point of mandelic acid (118' to  106") 
noted by Kizhner3 when he kept i t  molten (130') for several hours may be 
explained on similar grounds. Some mandelylmandelic acid must have 
been formed and enough of i t  persisted through the purification process to 
lower the melting point. To confirm this reasoning, it was found that the 
equivalent weight of material similarly prepared (mandelic acid heated 
for nine hours a t  150°, then recrystallized from benzene; m. p. 110") was 
157, not 152. 

Anhydride Formation.-At higher temperatures (250') diphenyl- 
maleic anhydride and phenylacetic acid are important reaction products. 
Dimandelic anhydride is the only logical forerunner of these substances, 
the former being produced from it  by detachment of the elements of 
water 

(1) This subject is discussed by Hurd, "The Pyrolysis of Carbon Compounds," The Chemical 
Catalog Company, New York, 1929, pp. 424-442. 

(2) Bischoff and Walden, Ann., 279, 118 (1894). 
(3) Kizhner, J .  Russ. Phys.-Chem. Soc., 56,15 (1925), Chem. Abstracts, 19,2940 (1925). 
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and the latter by detachment of phenylketene which, with water, would 
give rise to phenylacetic acid: CsH5CH=C=O + Hz0 ---t CsH5CH2- 
COOH. Benzaldehyde is formed concurrently. The phenylacetic acid 
was discovered in preliminary work with Mr. Fred E. Smith. As a matter 
of fact, its molar yield exceeded that of diphenylmaleic anhydride so it is 
surprising that earlier workers made no mention of it. The phenylacetic 
acid from mandelic acid via dimandelic anhydride and phenylketene is 
strictly analogous to the formation of diphenylacetic acid from benzilic 
acid1 via "benzilide" and diphenylketene. "Benzilide" should be renamed 
dibenzilic anhydride. 

Dimandelic Anhydride.-In support of this contention, i t  was found 
that synthetic dimandelic anhydride pyrolyzed rapidly a t  250' into carbon 
oxides, benzaldehyde, phenylacetic acid, diphenylmaleic anhydride and 
tar. These were also the products when mandelic acid itself was taken. 
Less phenylacetic acid was formed as would be expected because of the 
limited quantity of water available from the anhydride as compared with 
the acid. 

Dimandelic anhydride was synthesized via ethyl dimandelate which was 
prepared as follows: PhCHONaCOOEt + PhCHBrCOOEt --+ NaBr + 
O(CHPh-C0OEt)z. The ester was hydrolyzed to the acid and the acid 
converted to dimandelic anhydride by heating with acetic anhydride. 

It is conjectural whether the intermediate between mandelic acid and 
dimandelic anhydride is dimandelic acid O(CHPh-COOH)2, or mandelic 
anhydride, (PhCHOHC0)20. Some evidence for the latter was the forma- 
tion of mandelanilide by interaction of the neutral residue from a 200 "-run 
with aniline, after demonstrating that no action occurred similarly between . 
ethyl mandelate (an ester) and aniline. 

It has been assumed that carbon monoxide predominates in the gas from 
a-hydroxy acids but from mandelic acid a t  250" about equivalent molar 
amounts of carbon monoxide and carbon dioxide were formed. 

Cyclohexylglycolic Acid, CsHllCHOHCOOH.-Structurally, this acid 
resembles mandelic (or phenylglycolic) acid. Its course of pyrolysis, 
however, more resembled lactic (methylglycolic) acid. If the electron 
attraction of R in RCHOHCOOH determines the course of the reaction, 
this is reasonable, for the order of decreasing electron attraction is phenyl, 
methyl, cyclohexyl. The chief gas from cyclohexylglycolic acid was carbon 
monoxide. Hexahydrobenzaldehyde was found but there was no evidence 
for cyclohexylacetic acid or dicyclohexylmaleic anhydride. 

In  a preliminary study of dilactic anhydride, these reaction products 
were identified: carbon monoxide, carbon dioxide, acetaldehyde. 
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Experimental Part 
Procedure.-A weighed quantity of substance was placed in a 25-cc. distilling flask 

which was connected in series to a condenser, a receiver, a three-way stopcock, a drying 
tube (sulfuric acid), a bulb for carbon dioxide absorption (30% KOH), another drying 
tube and three-way stopcock, and finally to a gas collecting bottle. The two stopcocks 
were connected to each other, shunting the absorbing bulbs, to correct for the excess of 
expanded gas during cooling. In some experiments the carbon monoxide was deter- 
mined directly by having the air displaced with carbon dioxide prior to a run and by 
using carbon dioxide as a sweep. The carbon dioxide was removed by alkali. 

Decompositioir htto Volatile Products.-The esse~tial data concerning experiments 
with mandelic acid, dimandelic anhydride and cyclohexylglycolic acid are summarized 
in Table I. Gas began to appear a t  210-220" but the bath temperature could be raised 
quite rapidly to 250°, where it was maintained until gas evolution ceased. Nothing 
but water and aldehyde was found in the liquid distillate. In the first run with mandelic 
acid, for example, there was 2.23 g. of distillate and 6.29 g. of residue. The 2.23 g. was 
shown to contain at  least 1.19 g. of benzaldehyde via benzaldehyde phenylhydrazone 
and the weight of water was taken as the difference or 1.04 g. 

TABLE I 
VOLATILE PRODUCTS OF THE REACTION 

Duration ------Products formed----- Moles of products formed 
Subs. of Aldehyde for each 10 moles of 
taken, heating, Cop, CO, HaO, deriv.," substance taken 

R. hours g. CC. g. g. Cop CO Hz0 Aldehydeb 

Mandelic Acid 

10 2.5 0.730 344 1.04 2.20 2.51 2.32 8 .8  1.70 
10 2.5 .870 336 1.32 2.92 3.00 2.27 11.1 2.26 
10 2.5 ,750 406 . . . . 2.57 2.74 . . . . 

Dimandelic Anhydride 

5 . 1  2 0 .236 253 0.15 0.9 2.84 5.95 4.4 2.48 

Cyclohexylglycolic Acid 

2.17 0 .5  .026 . . .  . . . . 0.4 . . . . . . 
. . .  1.96 0.5 .041 . . . . 0.7 .. . . . . 
. . .  . .  1.09 2.0 ,066 .27 .38 2 . 2  21 2 .7  

0.60 2 0 53.8 . . . . . . 6.2 . . . . 
1.59 2.0 " 149 .. . . .. 6.7 . . . . 
1.59 2.5 " 116 .27 .39 . . 5.2 15 2.2 
1.58 2.0 " 131 .24 .50 .. 5.9 13 2.9 

" Benzaldehyde phenylhydrazone, m. p. 155O, from mandelic acid or dimandelic 
anhydride; hexahydrobenzaldehyde semicarbazone, m. p. 172"' from cyclohexylglycolic 
acid. These were collected in a Gooch crucible and dried at  100° for one hour before 
weighing. Benzaldehyde or hexahydrobenzaldehyde. Carbon dioxide atmosphere 
maintained; gas collected over 10 yo KOH solution 

The Residue from Mandelic Acid.-The phenylacetic acid was extracted from the 
6.29 g. of residue in the first run with cold 10 yo sodium hydroxide solution. The solution 
was acidified, the precipitate collected and crystallized from hot water. The white crys- 
tals of phenylacetic acid weighed 1.18 g.; m. p. (and also mixed m. p.), 71-72'. 

The more insoluble diphenylrnaleic anhydride was extracted by hot 10yo sodium 
hydroxide solution. Acidification gave a red precipitate which was recrystallized from 
ethyl acetate. The yellow crystals melted at 154155'; weight, 1.86 g. These weights 



correspond to 1.32 and 1.13 moles, respectively, of phenylacetic acid and diphenyl- 
maleic anhydride for each ten moles of mandelic acid taken. 

The Residue from Dimandelic Anhydride.-By extracting this residue similarly 
with cold and then hot 10% alkali solution there was isolated 0.38 g. of yellow diphenyl- 
maleic anhydride (m. p. 150-152") and a small quantity of white phenylacetic acid 
(m. p. 69-71 "). When the diphenylmaleic anhydride was heated with aniline, it  changed 
to diphenylmaleic phenylimide,4 of m. p. 170-171 " after crystallization from alcohol. 

The Residue from Cyclohexylglycolic Acid.-This was a dark red resin from which 
nothing was extracted by cold potassium hydroxide solution. Hence, acids were not 
formed in the pyrolysis. About three-fourths of the residue was soluble in hot 10% 
potassium hydroxide solution. 

Dilactic Anhydride.-A 10.8-g. portion of this material was passed through a tube in 
an electrically heated furnace a t  550" during one hour. From the efffuent vapors, 1.4 g. of 
acetaldehyde was condensed in a spiral cooled by ice-salt. I ts  identity was confirmed by 
the aniline der i~a t ive ,~  CH~CH(NHC~H~)CHZCH=NC&, m. p. 126'. The large vol- 
ume of gas was carbon monoxide and carbon dioxide in about the ratio of 4 :1 by volume. 

Mandelic Acid a t  150°.-When 15 g. of mandelic acid was heated for nine hours 
a t  150" and 20 mm., 1 g. of water was collected as distillate. The residue was soluble 
in ether and completely extracted therefrom by a 10% solution of sodium hydroxide. 
Acidification of the alkaline extract and crystallization of the precipitate from benzene 
gave a substance melting a t  110'. I t s  neutral equivalent was 156.7. A mixed melting 
point value of 112-114" was obtained with known mandelic acid of m. p. 116" and of 
neutral equivalent 152.2 (experimental). 

Mandelic Acid at  20O0.-Ten-gram samples were used. I n  the distillates, 1 g. of 
water and 0.3 g. of benzaldehyde were identified. The resinous residue (R) from a ten- 
hour heating a t  200" (10 mm. or 760 mm.) contained no mandelic acid, for i t  was in- 
soluble in sodium carbonate solution. Furthermore, it was much more soluble in ben- 
zene than mandelic acid. The latter crystallizes readily from hot benzene on cooling, 
but (R) did not separate. From hot diamyl ether solution, a nondescript material, m. p. 
65-75 ", separated on cooling. 

(R) was freed of traces of mandelic acid by stirring for ten minutes with sodium 
carbonate solution. To  some of the residue, aniline was added in excess and the excess 
was distilled off a t  ordinary pressure. Mandelanilide, m. p. 146 O,  was easily isolated from 
the non-volatile portion. When ethyl mandelate was treated similarly with aniline, no 
mandelanilide was isolable. 

(R) was soluble in hot 20% sodium hydroxide solution. The 110" crystals were 
again encountered on acidification and crystallization from benzene. 

A 10-g. portion of (R), when pyrolyzed a t  250" as described above, gave (in g.): 
CsHsCHO, 0.9; HzO, 0.3; C~H&!HZCOOH, 0.8; diphenylmaleic anhydride, 1.7; COz, 
0.86; and 3.64 cc. of CO. 

(R) from a two-hour run gave molecular weight values of 370, 390, 360, 390, 397 
(average, 381) by the ebullioscopic method in acetone. (R) from a six and one-half hour 
run gave values of 529, 492, 492 (average, 504). The calculated molecular weight of 
mandelic acid is 152. 

Synthesis of Reagents.-Mandelic acid was synthesized by the method in "Organic 
Syntheses" (Vol. VI, p. 58). Cyclohexylglycolic acid was made by the method of God- 
chot and Frezoul~ .~  The melting point of 130" given by these authors was confirmed 
but i t  differs from the value (166 ") of Zelinsky and Schwedoff .' Hexahydrobenzaldehyde, 

(4) Anschiitz and Bendix, Ann., 259, 65 (1890), found the m. p. to be 174-17Ro 
(5) Eckstein, Ber., 26, 2030 (1892); Miller, ibid., 26, 2072 (1892). 
(6) Godchot and Frezouls, Compt. rend.. 150, 1248 (1910). 
(7) Zelinsky and Schwedoff, Ber., 41, 2676 (19081. 



which was required for this synthesis, was made in better yields via cyclohexylmagnesium 
chloride and ethyl orthoformate (followed by hydrolysis) than by dehydrogenation of 
cyclohexylcarbinol. 

Ethyl Dimandelate, O(CHPh-COOC2H5)2.-The sodium salt of ethyl mandelate 
was prepared from 7.4 g. of finely cut sodium and 65 g. of ethyl mandelate in 200 cc. of 
dry ether. Stirring was maintained for seven hours. Then 78 g. of ethyl phenylbromo- 
acetate was added. Considerable heat was evolved. The reaction mixture was left 
overnight. To work up the products these steps were taken: addition of a carbon di- 
oxide stream; then water to dissolve the sodium bromide; separation, drying and dis- 
tillatior, of the ether !ayer. The unused reactants were taken off up to 1 7n0 (22 rnm ) 
and the crude ethyl dimandelate from 170-218° (8 mm.). Redistillation of the latter 
gave the pure ester, b. p. 215-216" a t  8 mm. It was viscid but it would not crystallize; 
yield, 32 g., or 30Yo of the theoretical. 

Anal. Subs., 0.1754, 0.2158: C02, 0.4608, 0.5604; H20, 0.1041, 0.1268. Calcd. 
for C2a2205: C, 70.1; H, 6.47. Found: C, 71.6, 70.8; H, 6.59, 6.53. 

Dimandelic Acid Hydrate, O(CHPhC0OH)z H2O.-Ethyl dimandelate was re- 
fluxed for five hours with 25 g. of potassium hydroxide and 100 cc. of water. Acidifica- 
tion of the cooled solution threw down a thick, red oil. After washing, it solidified and 
gave beautiful white crystals after two crystallizations from water. The acid was sol- 
uble in ether, alcohol, acetone, ethyl acetate and sparingly soluble in hot benzene; but 
water was the best crystallizing medium. The yield was 15 g. or 53Y0. 

Anal. Subs., 0.1578: C02, 0.3662; HsO, 0.0761. Calcd. for ClsHllOs: C, 67.2; 
H, 4.90. Calcd. for CI&leOe: C, 63.2; H, 5.31. Found: C, 63.3; H, 5.35. Neutral 
Eguiv. Subs., 0.4219: cc. of 0.08806 N alkali, 31 33. Calcd. for C16H1606: equivalent 
weight, 152.1. Found: 152.9. 

The acid did not melt sharply but softened slowly over a wide range, 120-130'. 
Apparently dehydration was occurring. I ts  practical insolubility in cold water deline- 
ated it sharply from mandelic acid. 

Dimandelic Anhydride.-Five grams of dimandelic acid hydrate was refluxed for a 
short time with acetic anhydride, some of the solvent removed and the residue cooled. 
White, needle-like crystals (2.6 g.) of dimandelic anhydride separated and more was ob- 
tained later from the filtrate. After drying over potassium hydroxide in a desiccator 
the solid melted a t  152-154O. 

Anal. Subs., 0.1810: C02, 0.4725; H20, 0.0750. Calcd. for Cle.HtzO*: C, 71.6; 
H,4.48. Found: (2.71.2; H,4.64. 

Dilactic Anhydride.-Jungfleisch and Godchot's directions8 for the synthesis of 
ethyl diiactate were satisfactory: NaOCHMeCOOEt + BrCHMeCOOEt 
O(CHMeCOOEt)2 + NaBr. Their directions for hydrolysis to dilactic acid and thence 
to the anhydride were inadequate. The trouble was caused by (1) the presence of un- 
hydrolyzed ester, (2) the incomplete anhydrization by vacuum distillation alone. These 
directions were adopted after considerable search in preliminary experiments. 

Ethyl dilactate (48 g.) was refluxed for nine hours with 100 cc. of alcohol and 20 g. 
of sodium hydroxide, 25 cc. of water being added a t  the end of three hours. Then the 
alcohol was distilled off and water added. Any unhydrolyzed ester was removed a t  
this point by ether extraction. Then the aqueous layer was acidified (sulfuric acid), 
ether extracted and the ether removed. This dilactic acid was refluxed for one-half hour 
with acetic anhydride. On fractionation, the portion boiling at 125-128' (33 mm.) was 
collected. It remained liquid. The yield of pure anhydride, based on the total ester 
taken, was 74%. 

(8) Jungfleisch and Godchot, Compt. rend., 144, 979 (1907); 145, 7 (1907). 
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Anal. Subs., 0.3356, 0.2838; cc. of 0.1062 N alkali, 43.69, 36.73. Calcd. for 
CasOd: equivalent weight, 72. Found: 72.3, 72.7. 

The necessity for the removal of the ester was shown by the high neutral equivalent 
value of 85 which was obtained when the step was omitted. 

Summary 

Mandelic acid undergoes an esterification process a t  200° or below into 
PhCHOHCO-O--(CHPhCOO),-CHPhCOOH but the pyrolysis into 
diphenylmaleic anhydride and phenylacetic acid a t  250° is best explained 
by assuming the transitional, concurrent existence of dimandelic anhydride. 
This is similar to the known transformation of benzilic acid into dibenzilic 
anhydride (benzilide). The other products from mandelic acid a t  250° are 
water, benzaldehyde, carbon dioxide and carbon monoxide. 

Ethyl dimandelate, dimandelic acid hydrate and dimandelic anhydride 
were synthesized. Dimandelic anhydride pyrolyzed a t  250" in the manner 
of mandelic acid. A preliminary study was made of dilactic anhydride. 

Cyclohexylglycolic acid decomposed a t  250 into carbon monoxide and 
hexahydrobenzaldehyde, presumably through intermediate esters of the 
type mentioned with mandelic acid. In  contrast to mandelic acid, the 
yield of carbon dioxide was small and there was no evidence for the forma- 
tion of acid anhydrides as intermediate products. 

EVANSTON, ILLINOIS RECEIVED AUGUST 11, 1932 
PUBLISHED APRIL 6, 1933 

[CONTRIBUTION FROM THE CHEMICAL LABORATORIES OF THE COLLEGE OR LIBERAL ARTS 
OE' NORTHWESTERN UNIVERSITY AND OF THE SCHOOL OF CHEMISTRY AND PHYSICS OF THE 

PENNSYLVANIA STATE COLLEGE 1 

Certain Dichloronaphthalenes and Related Intermediates 

Although all of the ten dichloronaphthalenes have long been known, the 
literature contains a remarkably small amount of information regarding 
their preparation and properties. The present research was undertaken to 
produce 50-100 g. samples of 1,2-, 1,4-, 1,5- and 2,6-dichloronaphthalenes 
in a high state of purity. 

The methods recorded in the literature for making the intermediates 
and the dichloro compounds are given in too little detail to be of any 
great help in this work. In each case various suggestions obtained from 
the literature were tested and modified until combinations of real prepara- 
tive value were developed. The processes evolved represent an unusual 
amount of laborious experimentation and consequently are recorded in 
some detail. 

(1) Submitted in partial fufilment of the requirements for the Ph.D. degree at the Pennsylvania 
State College. 
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Experimental 
Preparation of the Chloronaphthalene Sulfonates.-The starting materials for most 

of the present work were the following commercial intermediates,2 all aminonaphthalene 
sulfonic acids with the groups in the positions indicated. Naphthionic acid (1,4); 
Laurent's acid (1,5); 1,6-Cleve's acid (1,6); 1,7-Cleve's acid (1,7); Peri acid (1,s); 
Bronner's acid (2,6) ; F-acid (2,7) ; and Badische acid (2,8). These were dissolved in 
alkali, filtered, precipitated by acid and diazotized by the addition of solid sodium 
nitrite in the presence of excess hydrochloric acid. Any excess of nitrous acid was de- 
stroyed by urea. The suspension of the solid diazonium compounds was added with 
stirring to an excess of cirprouq chloride solution in hydrochloric acid. In the first part 
of the work the resulting mixture was evaporated to dryness. Since the reactions were 
carried out in 20-liter quantities, this was laborious and troublesome because of the large 
amounts of hydrogen chloride evolved. The result was a dry mixture of the desired 
sodium chloronaphthalene sulfonate with inert sodium and copper salts which could 
be treated directly with phosphorus pentachloride to make the sulfonyl chloride. It 
was later found that the addition of large amounts of sodium chloride to the mixture 
after the Sandmeyer reaction precipitated the sodium chloronaphthalene sulfonate, 
contaminated only by sodium chloride. This was dried and treated with phosphorus 
pentachloride. The 1,4- and 2,7-compounds precipitated from the reaction mixtures 
without the addition of sodium chloride. The others had to be salted out. Typical 
preparations follow. 

Sodium 1-Chloronaphthalene-5-sulfonate (Evaporation Method).-A solution of 
440 g. of Laurent's acid in 1 liter of solution containing 80 g. of sodium hydroxide was 
placed in a 20-liter crock stirred lnechanicaUy and treated with 500 cc. of water and 1 
kg. of crushed ice, followed by 1 liter of 28% commercial hydrochloric acid. Crushed 
ice was added when necessary to keep the mixture below 5 ". The suspepsion was stirred 
and diazotized a t  0 to 5' by the addition of 135 g. of powdered sodium nitrite during 
eight hours. A small amount of urea was added to remove excess nitrous acid. In 
another 20-liter crock 1 liter of a solution of 2 mols of cuprous chloride in hydrochloric 
acid was stirred while the diazotized mixture was added to it. A vigorous evolution of 
nitrogen followed. The mixture was allowed to stand overnight and then evaporated in 
large dishes on steam-baths with mechanical stimng and the aid of air jets directed 
across the surface. The solid residue was powdered and dried in an oven a t  110-120'. 
The gray powder obtained weighed 985 g. 

Sodium 1-Chloronaphthalene-6-sulfonate (Saltkg-out Method).-A similar run 
with 800 g. of 1,6-Cleve's acid was carried through the treatment with cuprous chloride. 
The solution was then filtered from a small amount of insoluble material and treated with 
1.5 kg. of sodium chloride with stirring. The sodium sulfonate precipitated, was filtered 
off and air-dried to constant weight a t  70°; yield 490 g. 

Preparation of the Chloronaphthalene Sulfonyl Chlorides.-The nine sulfonyl 
chlorides of the present study were all made as follows: in a large mortar previously 
heated on a steam-plate an excess of phosphorus pentachloride was quickly powdered 
(hood) and ground vigorously with the dry powdered crude sodium sulfonate. Heat was 
evolved and the mixture became fluid. When the reaction was complete the grinding 
was stopped and the mixture was allowed to stand overnight. The hard crystalline 
mass was then broken up and added carefully to an excess of cracked ice. After wash- 
ing by decantation, the crude sulfonyl chlorides were ground with water in the mortar 
to remove any unchanged halides of phosphorus. After air drying, the crude sulfone 
chlorides were extracted in large funnel extractors3 with boiling ligroin (60-90 O). The 

(2) Most of these materials used were supplied by the Dyestuffs Department of E. I .  du Pont de 
Nemours & Co., through its Jackson Laboratory. 

(3) "Organic Syntheses," 1922, Vol. 11. p. 49. 



1548 R. W. BEATTIE AND FRANK C. WHITMORE VO~.  55 

cooled extract gave crystals which could be further purified by crystallization from 
ligroin, carbon tetrachloride or glacial acetic acid. The results with the sulfonates and 
sulfonyl chlorides are summarized in Table I. 

Intermediatea 

Na naphthionate 
Lament's acid 
Cleve's acid, 1,6 
Cleve's acid, 1,7 
Peri acid 
Peri acid 
2-NH2CloHsSOaNa-l 
Bronner's acid (68%) 
F-acid 
Badische acid 

ClCloH6SOnNa, 
g. made 

2473b 
5215~ 
1351" 
1636" 
3 9 3 w  
4085" 
582' 

313gd 
291h 
368" 

7- 

Groups 

1,4 
1,s 
1,6 
1,7 
18 

" I n  most cases several runs were made. The weights of intermediates used were 
nearly equal to  the weights of salts obtained. Sodium salt precipitated spontaneously. 
" Yield based on crude salts used. Mixture of Na and Cu salts evaporated to dryness. 
" Na salt precipitated by adding solid sodium chloride with stirring. This salt mix- 
ture could not be dried above 100' without some decomposition. ' This salt could not 
be dried above 70" without decomposition. The 2,8 sulfonyl chloride was obtained 
only by heating the crude sodium salt with phosphorus pentachloride a t  120-130". 

The following sulfonyl chlorides were similarly prepared: naphthalene-1-sulfonyl 
chloride, m. p. 65-66.5", 449 g., 6670 yield; naphthalene-2-sulfonyl chloride, m. p. 
76-77 ", 13 15 g., 64% yield; naphthalene-2,i-disulfonyl chloride, m. p. 156-157 ", 600 
g., 42% yield. 

Preparation of the Dichloronaphtha1enes.-The preparation of the 1,4 compound 
is typical. In a 500-cc. flask fitted with a wide reflux condenser 52 g. of l-chloronaph- 
thalene-4-sulfonyl chloride (1 mol) and 125 g. (3 mols) of phosphorus pentachloride were 
heated in an oil-bath a t  160-165" for five hours. The mixture was cautiously poured on 
a large amount of cracked ice. The gray liquid solidified when washed with water. 
The crude solid was ground with water, dried and extracted with 200 cc. of alcohol. 
The hot extract was treated with decolorizing carbon, filtered and diluted with water to  a 
slight turbidity. On cooling, long white needles separated, m. p. 67-68O, 19 g., 49% 
yield. A run using 418 g. of the sulfonyl chloride gave 150 g. of 1,4-dichloronaphthalene, 
m. p. 67.4-68". I n  a similar way the following dichloronaphthalenes were prepared: 
1,5-, 97 g., m. p. 106-107°, 36% yield; 1,2-, 112 g , b. p. 295-298", m. p. 33-34', 36% 
yield; 2,6-, 52 g., m. p. 136', 45y0 yield. 

Summary 

1. The preparation of four of the dichloronaphthalenes and of nine of 
the chloronaphthalene sulfonyl chlorides has been developed on a large 
laboratory scale. 

STATE COLLEGE, PENNSYLVANJO RECEIVED AUGUST 15, 1932 
PUBLISHED APRIL 6, 1933 



Composition of the Non-Phenol Portion of Bay Oil1 

The major part of the oil of bay2 (obtained from the leaves of Pimenta 
acris, or Bois d' Inde) consists of phenols, principally eugenol with some 
chavicol. 

The non-phenol portion of the oil has bcen shown3 to co~sis t  of myrcene, 
phellandrene, citral and the methyl ethers of eugenol and chavicol. Ac- 
cording to Power and Kleber, the reported finding of a-pinene by Mitt- 
mann4 is in error. 

In connection with a general survey of the industries of the Virgin 
Islands, a reinvestigation of this oil was deemed desirable. 

In the present investigation use was made of a pressure controlled 
vacuum-fractionating assembly described later, whereby a more effective 
separation of the constituents of bay oil than that indicated in previous 
reports was made possible. Systematic examination of the fractions so 
obtained shows the oil to be more complex than heretofore believed, and 
the information in the literature regarding the composition of the oil is in 
need of revision in several particulars. 

The presence of myrcene, citral and phellandrene was confirmed without 
much difficulty, although the physical properties of myrcene would 
seem to be somewhat different from those previously reported. Present 
findings show definitely, however, that the non-phenol portion of the 
oil contains several constituents not previously stated to be present. 
These include small quantities of a-pinene, substantial proportions of 
cineol, and of dipentene (with some limonene), the latter an integral part 
of the oil. It is presumed that dipentene obtained by Power and Kleber 
in one of their experiments was regarded by them as an isomerization prod- 
uct of one of the other constituents, since these authors did not include 
their finding of the dipentene in the summary df constituents. 

Methyleugenol and methylchavicol, thought by them to be present 
in appreciable quantities, if present a t  all in the true Pimenta acris oil, 
are there only in traces as shown by methoxyl determinations of appropri- 
ate fractions. A very small quantity of a geraniol-like alcohol is also 
present, but its identity was not determined. 

Contrary to the belief that only one optically active substance is present 
in bay oil (a-phellandrene), repeated fractionation shows definitely that  
there are a t  least four, three of which are positive and one negative, the 

(1) Presented before the Division of Medicinal Chemistry, Denver Meeting of the American Chemi- 
cal Society, September 22-26, 1932. 

(2) "The Volatile Oils," Gildemeister and Hoffmann, Vol. 111, 1922, pp 193-194. 
(3) Power and Kleber, Pharm. Rundschau, 13, 60 (1895). 
(4) Mittmann, Archiv. Pharm , 529-548 (1889). 



latter sufficiently predominating in effect to give the oil as a whole a 
negative rotation. 

The various constituents found by way of fractionating the phenol 
free portion of the oil were also characterized from appropriate fractions 
of the whole bay oil (the whole oil without preliminary removal of the 
phenols) when similarly fractionated (data obtained on the latter are 
not included here). The properties determined on fractions of the whole 
oil, such as densities, refractive indices and rotations, corroborated previous 
findings. 

Experimental Part 
Through the cobperation of Mr. C. L. Horn of the St. Thomas Agricultural Experi- 

ment Station and Mr. E. V. Roberts of the Forest Service a 1600-g. sample of authentic 
bay oil was procured. 

The oil was obtained from the fresh green leaves of Pimenta acrzs collected in St. 
John and prepared by steam distillation in the usual manner, the yield of oil being about 
1.22%. 

The oil had the following properties: n2$ 1.5134; 0.9796; a,, -2.4" (100 
mm.); aldehyde as citral (Kleber method), 2.0%; total phenol (by volume), 58.4%. 

Separation of the Phenol from the Non-phenol Portion.-It is rather difficult to 
prepare the non-phenol portion of bay oil entirely free from phenol. In order to effect 
a complete separation, the following special precautions were taken. The bay oil 
(1500 g.) was extracted with an excess of 5% sodium hydroxide solution until shown to 
be phenol free by testing small portions of the alkaline washings with (diazotized) p- 
nitroaniline.6 (The test is particularly delicate for eugenol.) The non-phenol oil was 
then thoroughly freed from alkali by washing first with cold tenth normal sulfuric acid, 
and then by a series of successive washings with cold water until the washings were 
neutral. The alkali phenolate solution was carefully extracted a number of times with 
ether to effect the recovery of small quantities of non-phenol oil dissolved by the phenol- 
ate. 

The ethereal extract, after a similar washing, was distilled to remove the ether, 
the residual oil was again washed with alkali to remove traces of phenol and then with 
acid, water, etc., as before, and this oil added to the bulk of oil. The total non-phenol 
oil, after drying over anhy drogs sodium sulfate and filtering, weighed 525 g. 

In view of the wide difference in boiling points of the constituents, the sample used 
for the fractionation (500 g.) was given a preliminary distillation under reduced pressure 
and separated into two fractions of convenient toiling range, the first 342 g. distilling 
up to 68' at 20 mm. and the remainder distilling above this point. During the frac- 
tionation proper the second portion was added when the appropriate distillation tem- 
perature (68' a t  20 mm.) was reached. 

Fractionating Apparatus 

A. Large Fractionating Assembly.-A wire gauze plate rectifying column (32 
plates, 5 cm. inside diameter, 200 cm. in height) which is an improved form of this type 
of column described by the author in previous publications.6 

Thermal insulation for the column was provided by an electrically heated jacket, 
which was divided into five separate circuits, each rheostat ~ontrolled.~ Thermometers 

(5) Palkin and Wales, THIS JOURNAL, 46, 1488 (1924). 
(6) Tech. Bull. 276, U. S. Department of Agriculture; Ind. Eng. Chcm., 26, 95 (1933). 
(7) Bruun, Bur. Standards J. Research, 7, 851 (1931). 
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were placed a t  appropriate intervals in the space between the column and jacket tubes 
to show temperature gradient. 

The superior efficiency of lagged over unlagged columns has been shown by Marshall 
and S~ther land.~  

A steel waste-paper basket, with the bottom cut out and lined with asbestos served 
as a jacket for the distillation flask. 

Pressure in the system was maintained constant by means of a short inclined mer- 
cury regulator and relay, described in a previous publication.6 Virtually all the dis- 
tillations were carried out a t  20 mm. or less. 

B. Small Fractionating Assembly.-This assembly was in its general plan, includ- 
ing the plate column (20 plates and about 120 cm. in height), like the large one. Details 
of its construction are given in the earlier publi~ation.~ 

Fractionation.-In general the bulk of the sample was fractionated in the large 
(32-plate) column and the last 60 to 80 g transferred to the smaller column to complete 
the fractionation. The fractions so obtained were examined for density refractive in- 
dex, rotation, etc., and in most instances refractionated twice (in some instances after 
the removal of citral and cineol), and the physical constants determined in each case 
for the new fractions. Refractionation was carried out in a systematic fashion. Since 
pressure was carefully controlled throughout all the diqtillations, distillation temperature 
served very satisfactorily as a guide to indicate the appropriate time for adding, during 
the course of distillation, the successive fractions from the previous series. 

As the total number of fractions involved is very large, only such fractions are 
tabulated (Tables I, I1 and 111) as show significant changes in properties-maxima 
or minima in density, refractive index and rotation. The intermediate fractions which 
exhibited prop&ties in between those listed are omitted. 

The first fractionation gave fractions 1 to 24 and these in turn were refractionated 
giving the series 1A to 32A. 

Since the properties of the first series of 24 fractions are reflected in those of the re- 
fractionation (Series 1A-32A) with the corresponding maxima and minima more marked, 
no space is taken to tabulate the data on the first series. 

Table I gives the data on the significant fractions of the A series. 

DATA ON SIGNIFICANT FRACTIONS OF THE A SERIES OBTAINED BY REFRACTIONATION OF 

THE FIRST SERIES (1 TO 24) 
a~ 

Frac- Dist. 
Mm. wt., *: 

Density Angular Dominant 
tion temp., O C .  press. g. 15.5' rotation constituent 

1A 53-55 20 2 1.4619 0.8522 +19.7 or-Pinene 
2A 55-62 20 4 1.4633 .8366 +15.2 
5A 65-65.2 20 31 1.4656 .7977 + 2.6  Myrcene 
6A 65.2 20 20 1.4657 7979 + 2 .6  Myrcene 

12A 66.2-67.2 20 15 1.4672 ,8130 + 5 . 8  Phellandrene Cineol 
18A 70.5-70.7 20 16 1.4665 .8702 -25.9 Dipentene and 1 + Citral 

Limonene 
23A 53.4-66 7 8 1.4738 .8421 - 8 . 3  
25A 74.4-76 7 8 1.4625 .8728 - 10.6 
29A 88-91.4 7 7 1.4785 .9219 + 4 . 3  Analcohol 
32A 96 up 1 16 1.4864 .9098 0 

A graph showing the rotation data of the series is given in Fig. 1. 

(8) Marshall and Sutherland, Ind. Eng. Chem., 19, 735 (1927). 
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Of this series, 4A to 23A (inclusive) were again refractionated, giving the new series 
of fractions designated 4B to 25B. Fractions 1A to 3A (inclusive) were too small to be 

10 20 30 40 50 60 70 80 90 100 
Per cent. by weight of non-phenol oil. 

Fig. 1.-Observed rotation of non-phenol portion of bay oil. 

included in this refractionation. This was also the case with fractiops 24A to 32A 
(inclusive) after being deprived of citral as described later. Data on the significant 
fractions of this series are given in Table 11. 

Frac- 
tion 

5B 
6B 

12B 
13B 
19B 

Dist., 
temp., O C .  

65-65.2 
65.2-65.4 
66-66.2 
66.2-67.8 
70.6 

Press., Wt., n; 
mm. g. 

20 18 1.4649 
20 14 1.4650 
20 12 1.4674 
20 15 1.4673 
20 20 1.4666 

a~ 
Density Angular Dominant 

15.5O rotation constituent 

0.7973 + 2.2 Myrcene 
,7966 + 2.5  Myrcene 
.8079 + 7.6 Myrcene and Phellandrene 
.8224 + 6.7 Phellandrene 
.8684 -26.4 Dipentene and 1 

Limonene / + Cineol 
,8663 -27.2 Dipentene and 1 

Limonene j 
,8397 - 8.7  

Cineol was removed from fractions 12B to 24B as described later, and the cine01 free 
fractions were refractionated, giving the series 1C to 9C. 

Data on the significant fractions of this series are given in Table 111. 
In view of the prolonged period over which fractionation had to be made, some 

polymerization (myrcene and phellandrene both tend to polymerize) was unavoidable 
even a t  the comparatively low temperatures involved. The polymer dimyrcene was 
indicated toward the end of the distillation. 

Removal of Aldehyde.-Fractions 24A to 32A gave a positive qualitative reaction 
for aldehyde when tested in an alcoholic solution with a few drops of fuchsine reagent 
An alcohol blank was used for control. These aldehyde-containing fractions were ex- 



AFTER REMOVAL OF CINEOL 

wt. "D 
Frac- Dist Press., in .; Density Angular Dominant 
tion temp., 'C.  mm g 15 5' rotation constituent 

l C  65 5-67 20 9 1.4682 0.8192 - 2.8" 
7C 70.2 20 

to 49 7 10 1.4704 ,8568 -31.7" Dipentene and Limonene 
8C 49-51.2 7 10 1 4727 ,8519 -35 8" Dipentene and Limonene 
9C Residtie in co!. 1 7 1 4765 ,8429 - 33 5" Eipentcne and Lirnoncnc 

tracted several times with bisulfite solution, washed free from the reagent and used for 
subsequent examination. The aldehyde was liberated from the bisulfite compound and 
identifird as described under citral. 

The total residual oil left from 24A to 32A after removal of aldehyde was too small to 
permit refractionation. 

Removal of Cineo1.-Fractions 12B to 24B, which had a strong eucalyptol-like 
odor, were extracted several times with 50% resorcinol as described later under cineol. 
The residual cineol-free oil was thoroughly washed with water until free from resorcinol 
as shown by ferric chloride tests of the washings, dried and refractionated, giving the 
series of fractions 1C to 9C of Table I11 as previously mentioned. 

Examination of the Fractions 

a-Pinene (Fractions LA and 2A).-The nitrosyl chloride. In view of the very 
small quantity available for this examination, details of the procedure used for the 
preparation of the nitrosyl chloride with but 1 cc. of oil are here given as follows (adapted 
from the modified Lynn proced~re).~ A mixture of 1 cc. of the oil (fraction lA), 1 cc. 
of 95% alcohol and 1 cc. of ethyl nitrite in a test-tube was well cooled in an ice-bath and 
to it was added, drop by drop, with vigorous stirring, 0.85 cc. of 8 N alcoholic hydrochloric 
acid. After standing for about one hour in the ice-bath with occasional shaking, the 
precipitate was filtered off by suction, using a micro filtering arrangement, and washed. 
The dry precipitate was purified in the usual manner by dissolving it in a minimum 
quantity of chloroform and adding methanol, crystallization taking place almost im- 
mediately; m. p. 104-105°. 

This is the nitrosyl chloride of the inactive form, which comes out first. 
Myrcene (Tetrabromide of the Dibydromyrcene).-Dihydromyrcene was prepared 

from fraction 4B by reduction with sodium and alcohol and then converted to  the tetra- 
bromide, in general as described by Enklaar.lo 

Recovery of the tetrabromide from the oily by-products by the Enklaar method 
was virtually impossible. The following procedure yielded an excellent crystallization. 
(a) The oily layer obtained by pouring the brominated reaction mixture into water was 
drawn off in a separatory funnel (without preliminary dissolving in ether), and washed 
several times with sodium carbonate solution, then with water. (b) The acid aqueous 
layer was extracted with ether The ethereal layer was washed as above, the bulk 
of the ether evaporated in vacuum, and the residual oil was combined with the original 
oil from (a). The total oil was then shaken several times with cold 95% alcohol, which 
is a good solvent for the oily by-products and with which the tetrabromide formed an 
immiscible layer, The tetrabromide thus purified, on dissolving in warm absolute al- 
cohol and allowing to stand, gave excellent crystals. The product, after one recrystal- 
lization from absolute alcohol, melted sharply a t  88". 

(9) Lynn, Tars JOURNAL, 41, 361 (1919). 
(10) Enklaar, Rec. trav. chim., 26, 164 (1907). 



Purification of Myrcene 
Previous reports on myrcene by Power and Kleber3 and Enklaar.1° show that these 

authors found this compound optically inactive or nearly so, density a t  15O, 0.8013 and 
refractive index 1.4700. 

Attempts were made to prepare a pure optically-inactive myrcene by fractional 
crystallization of the myrcene fractions, liquid air being used as a refrigerant, since re- 
peated fractional distillation did not yield the hydrocarbon entirely free from optical 
activity. The "freeze" produced, however, was very sirupy, too thick to permit fil- 
tration. I t  is presumed that the persistent optical activity in myrcene fractions is 
due to or-phellandrene. 

The inactive myrcene obtained by Power and Kleber and Enklaar may, perhaps, 
be accounted for by the presence of nearly balanced proportions of phellandrene (posi- 
tive rotation) and limonene (negative rotation) The minimum density (see Table 11) 
of the myrcene obtained in this investigation would seem, if anything, to indicate a 
higher purity than that previously reported since both compounds, a-pinene immediately 
preceding and a-phellandrene immediately following myrcene in the f r ~ c t b ~ a t i o n ,  have 
considerably higher densities. 

The properties of this compound are accordingly as shown in Table 11, fraction 6B: 
dl> ' 0.7966; n2: 1.4650, b. p. 65-66 O (20 mm.) and 166-167" (760 mm.). 

Phellandrene.-The nitrosite was prepared from fraction 12B by treating a well- 
cooled mixture of 5 cc. of the oil in about 15 cc. of petroleum ether and 5 cc of a saturated 
solution of sodium nitrite with glacial acetic acid, drop by drop, until about 5 cc. of the 
acid was added-shaking continuously. A pasty mass was obtained, which after the 
supernatant liquid was poured off was washed by kneading several times in cool water, 
the wash water being poured off. This mass was then taken up in methanol, the yellow 
precipitate so obtained filtered, washed several times with small quantities of cold 
methanol and then recrystallized from chloroform and ether; m. p. 104-105°. 

Several attempts were made to prepare a nitrosyl chloride from these fractions, but 
none was obtained, showing apparently that or- and not j3-phellandrene is here involved." 

Cineol (Fractions 12B to 24B).-(a) Cineol hydrobromide was prepared by allow- 
ing gaseous hydrobromic acid to flow over (rather than through) a petroleum ether 
solution of the oil well-cooled in an ice-bath while shaking gently to facilitate absorption 
of the gas. The crystalline mass was then filtered by successive washing with petro- 
leum ether and dried; m. p. 5Cr57O. 

(b) Cineol-Resorcinol. Addition Compound.-The oil when shaken with 50% 
resorcinol solution became practically a solid crystalline mass. The crystals after fil- 
tration and washing with water and then with petroleum ether and drying, had a melting 
point 79-80', The cineol, regenerated in the usual manner, possessed the characteristic 
odor of this compound. 

Citral (Fractions 24A to 32A).--The oil was treated in the usual way with cold 
concentrated sodium bisulfite solution. Only the fresh reagent prepared by passing 
sulfur dioxide through a saturated solution of sodium carbonate was found effective. 
Some of the fractions rich in citral, when treated with the bisulfite, became a solid crys- 
talline mass. The citral was regenerated from the well-cooled bisulfite with alkali in 
the usual manner It possessed the characteristic odor and gave with j3-naphthylamine 
and pyruvic acid the characteristic yellowish j3-naphthylcinchoninic acid which on re- 
crystallization from alcohol melted a t  195'. 

Dipentene and Limonene (Fractions 5C to 9C). (a) Tetrabromide.-No difficulty 
was encountered in preparing the tetrabromide by the Godlewski procedure.la The 
product was subjected to fractional crystallization in an effort to prepare the limonene 

(11) Francesconi and Sunagiotto, Atti accad. Lincee, [V] 20, 1, 325 (1911). 
(12) Godlewski, Chcm.-Zlg., 22, 827 (1898). 



tetrabromide, but this was not accomplished on account of the predominating propor- 
tions of dipentene; m. p tetrabromide 123-124". 

(b) Nitrosyl Chloride.--A nitrosyl chloride was prepared by the method described 
for a-pinene with the exception that glacial acetic acid was also added in addition to the 
alcoholic hydrogen chloride. The somewhat pasty mass produced a t  first became crystal- 
line on addition of the acetic acid; melting point of limonene nitrosyl chloride 103-104 ". 

Nitrosite.-In view of the belief that the negative rotation of hay oil was due to 
or-~hellandrene,~ an effort was made to prepare a nitrosite from fraction 9C but without 
success. Phellandrene was identified only in positive fractions immediately following 
the myrcene. 

An Alcohol (Unidentified).-Fractions 28A to 32A, after removal of citral, possessed 
a very pleasant geraniol- or nerol-like odor. These fractions, after removal of citral, 
were very small (a few grams total). An approximate estimation of the alcohol cor~tent 
of 32A, on about 0.4 g. showed this fraction to contain about 23% alcohol calculated as 
C10H180 A separation of the alcohol from the indifferent oil on the combined fractions 
28A to 32A was made by way of the boric acid esters. the Schmidt procedure,13 being 
used. The yield of ultimate "alcohol" was very small. 

No crystalline phenylurethan or diphenylurethan could be isolated. The oil, 
however, gave a pronounced violet-red color reaction with alcoholic hydrobromic acid 
and with concentrated sulfuric acid similar to that obtained by Erdmann and Huthl* 
for rhodinol and linalool. 

Methylchavicol and Methyleugeno1.-Anise-scented fractions, reported by previous 
investigators, were not encountered in any of the fractionations. 

A determination of mcthoxyl on 24A, 28-4 and 32A by the modified Viebock and 
Schwappach method,15 30-50 mg. being used for a determination, showed a methoxyl 
content as follows: 248-0.41 %; 28A-1.08%; 32A4.71%. Since these fractions 
totaled but a few grams, the maximum content of methyl ethers in the original bay oil, 
if present a t  all, would seem to be negligible. The quantities in the fractions were too 
small to permit identification. 

Oil from the anise-scented variety of Pimenta acris has been shown by WarnefordlG 
to contain about 15% estragol (methylchavicol). 

In the usual harvesting of bay leaves by the natives, an admixture of leaves from 
the anise-scented and limoncilla varieties is almost unavoidable unless collected under 
the careful supervision of an experienced botanist. I t  is barely possible that the bay 
leaves used by Power and KIeber3 contained appreciable quantities of the anise-scented 
variety, and this may account for their findings with regard to the methyl ethers. 

Esters.-Fractions 28A to 32A possessed a rather sweet odor. It was thought that 
this might, in part, be ascribable to an ester. Saponification of small samples with al- 
coholic potash in the usual manner indicated no more than a trace to  be present. 

Acknowledgment.-The authors are pleased to acknowledge their 
indebtedness to Dr. W. W. Skinner for his many valuable suggestions 
during the progress of this work. 

Summary 
With the aid of an improved vacuum fractionating assembly, here de- 

scribed, oil of bay has been subjected to a more critical examination than 
heretofore. 

(13) Schmidt, Chem.-Ztg., 52. 898 (1928).  
(14) Erdmann and Huth, J. prakt. Chem., 56, 4 (1897). 
(15)  Clark, J .  A .  0. A .  C . ,  15, 136 (1932).  
(16)  Warneford, Trop. Agri. (Trinidad),  4, 128 (1927); C .  A.,  22, 2238 (1928).  



The present investigation, relating to the non-phenol portion of the oil, 
shows that previous conclusions regarding its composition are erroneous 
in several particulars. 

The following composition is indicated: myrcene, cine01 and dipentene, 
with limonene are the predominating constituents; citral, a small amount 
of a-phellandrene and, contrary to previous reports, a small amount of 
a-pinene and but little, if any, methylchavicol and methyleugenol are 
present. A small amount of a geraniol-like alcohol was also found, but 
its identity was not determined. 

WASHINGTON, D. C. RECEIVED AUGUST 19, 1932 
PUBLISHED APRIL 6, 1933 

[CONTRIBUTION FROM INDUSTRIAL-FARM PRODUCTS DIVISION, BUREAU OF CHEMISTRY 
AND SOILS] 

Crystallizable Chavicol and Eugenol from the Oil of Bay1 

As indicated in another paper2 the major portion of the oil of bay (ob- 
tained by steam distillation of the leaves of Pimenta acris) consists of 
phenols. 

As early as 1877 Markoe3 had already observed the presence of eugenol 
in the "heavy oil of bay."4 This term is applied to the oil coming over 
in the latter part of the distillation, which is rich in phenols. 

mitt man^^,^ who made an examination of the whole oil, concluded that 
eugenol was the only phenol present, but Power and Kleber,'j in a more 
comprehensive investigation of the oil, established the presence of another 
phenol, namely, chavicol. These authors were unable to separate the 
phenols as such but proved the presence of chavicol and eugenol by con- 
verting the total phenol portion to the methyl ethers and fractionating 
these. 

So far as we are aware, however, chavicol as such has never been isolated 
from the oil of bay nor has the pure eugenol been prepared from this 
source. 

In a recent investigation of the composition of bay oil, fractionation 
of the phenol portion with the aid of pressure-controlled plate columns 
made possible a very effective separation of the two phenol constituents. 
The chavicol fractions so obtained in one fractionation solidified to a beauti- 
ful crystalline mass on moderate cooling. 

(1) Presented before the Division of Medicinal Chemistry, Denver Meeting of the American Chemi- 
cal Society, September 22-26, 1932. 

(2) Palkin and Wells, THIS JOURNAL, 56, 1549 (1933). 
(3) Markoe, Proc. Am. Pharm. Assoc., p. 438 (1877).  
(4) This term is applied to the oil coming over in the latter part o f  the distillation, which is rich in 

phenols. 
(5) Mittmann, Ber., 27, 352 (1894). 
(6) Power and Kleber, Pharm. Rundschau, 18, 60 (1895). 
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Eykman7 cooled chavicol which he purified from betel oil to -25O 
without effecting crystallization. 

By repeated fractional distillation and fractional crystallization, both 
chavicol and eugenol were prepared in a high state of purity and their 
physical properties determined. 

Experimental Work 
Preparation of the Phenol Portion.-The general procedure for the separation of the 

nor, phenol portion, of bay oil from the phenol., is described in the other publication.2 
To recover the phenols, the solution of alkali phenolate so obtained was well cooled, and 
the phenols were liberated with 10% sulfuric acid (a slight excess). The bulk of the oil 
was separated by centrifuging, and the oil dissolved in the water was obtained by ex- 
traction with ether. Both the bulk of phenol oil and the ethereal extract were thor- 
oughly washed with water until free from acid. The ether was distilled off in vacuum, 
the pheilol residue from this added to the main portion of phenol, and the moisture rr- 
moved by distillation in vacuum. The proportion of eugenol in the total phenol, ob- 
tained by way of a methoxyl determination, was found to be 89.30/0, or the chavicol 
content, by difference, 10.770. 

10 20 30 40 50 60 70 80 90 100 
Per cent. by weight of phenol oil. 

Fig. 1.-Density of phenol portion of bay oil. 

Fractionations.-The phenol oil (900 g.) was fractionated in a large 32-plate column 
a t  7 mm. up to the last 100 g., fractionation of the latter being completed in the small 
20-plate column. The density and refractive index were taken for each fraction. The 
series of fractions so obtained distilled between 105.4 and 114". The density (Fig. 1) 
and refractive index gave no indication of other phenols. 

The plate column assemblies used in this investigation are described in another 
paper in THIS  JOURNAL.^ 

Preparation of Pure Chavico1.-For further purification of chavicol, the first frac- 
tions were systematically refractionated. Of eleven fractions so obtained the first nine 
were again refractionated. 

(7) Eykman, Ber., 22, 2739 (1889). 



Fractional Crystallization.-The fractions distilling between 103.2 and 103.6' at 
7 mm. (density ranged from 1.0190 to 1.0200 and refractive index from 1.5426 to 
1.5436) were combined 6nd subjected to five crystallizations. The solid portion of the 
fifth was again fractionally distilled and examined for density, refractive index, quantity 
of methoxyl, etc. 

The chavicol thus prepared had the following properties: m. p. 16'; b. p. 235- 
236"; n22 1.5448; dl: 1.0203; methoxyl (0.050 and 0.048% or 0.26% calculated as 
eugenol) . On this basis the chavicol is over 99.7% pure. 

Determination of methoxyl was found to be a convenient guide in following the 
purity (pertaining to freedom from eugenol) of the chavicol. 

The technique involved in the crystallization was somewhat as follows. A jacketed 
Gooch filtration arrangement was used, the upper half of an ether can serving as a jacket, 
and a crucible with a coarse sintered glass bottom (No. 1 or 2) as the filtering device. 
A few pieces of ice in the jacket provided sufficient insulation. The sample to be re- 
crystallized was cooled in an ice and salt bath to the consistency of a "slush" by stirring 
vigorously while in the cooling bath. This was then transferred to the filter device and 
moderate suction applied as soon as the filter plate was fully covered. Care must 
be taken in this operation to keep the crystalline portion pressed down to a compact 
mass in the crucible, as otherwise channeling occurs, warm air is pulled through, and it is 
not possible to suck the mass dry. 

Chavicol 3,s-dinitrobenzoyl ester was prepared without any difficulty by the 
method of Phillips and Keenan,8 m. p. 103.5- 104.5'. 

Purification of the Eugeno1.-Of the first fractionation of the original mixture of 
pheaols, the last five fractions distilling between 113.8-114" a t  7 mm. were practically 
all eugenol, the pxoperties of the fractions corresponding well with those reported for 
eugenol from other sources. The density ranged from 1.0690 to 1.0701, and the re- 
fractive index from 1.5403 to 1.5405. 

These were combined and fractionally distilled, then fractionally crystallized, more 
or less as described for chavicol, and again distilled in vacuum. Solid carbon dioxide 
was used as the refrigerant instead of ice. Properties of purified eugenol so prepared 
are as follows: m. p. -7.5"; b. p. 254"; n2: 1.5405; d l ;  1.0701; methoxyl, 18.79%; 
calcd., 18.92%. The 3,5-dinitrobenzoyl ester prepared as described above had a 
melting point of 130-131 ". 

Acknowledgment.-The authors are pleased to acknowledge their 
indebtedness to Dr. W. W. Skinner for his many valuable suggestions dur- 
ing the progress of this work. 

Summary 

By means of repeated fractional distillation and fractional crystalliza- 
tion of the phenol portion of bay oil, chavicol and eugenol of high purity 
were obtained, which crystallized a t  4 16 and - 7.5', respectively. 

The method of preparation used and data on the properties of the purified 
phenols so obtained are given. 

WASHINGTON, D. C. 

(8)  Phillips and Keenan, THIS JOURNAL, 63, 1924 (1931). 
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The Yields of Some Aliphatic Tertiary Grignard Reagents and 
the Limits of their Usefulness as Synthetic Reagents 

BY FRANK C. WHITNORE AND D. E. BADERTSCHER~ 

Researches on rearrangements being conducted in this Laboratory re- 
quired a variety of compounds containing the grouping R~CC(OH)R;.Z 
in which R represents various alkyl groups and R' represents alkyl or 
hydrogen. The preparation of these substances by means of the Grignard 
reaction presented two uncertainties, (I) the decreased yield of Grignard 
reagents of higher molecular weight especially from tertiary halides which 
lose halogen acid readily and (2) the limited yields of the desired products 
obtainable from highly branched Grignard  reagent^.^ To obtain informa- 
tion on these points was the purpose of this research. 

The literature contains little information on tertiary aliphatic Grignard 
reagents higher than tertiary amyl. Preliminary studies showed that 
tertiary chlorides give higher yields of Grignard reagents than the corre- 
sponding bromides and iodides. In  the present work the following chlo- 
rides have been investigated: tertiary butyl, tertiary amyl, dimethyl-n- 
butylcarbinyl, dimethyl-n-amylcarbinyl, methyldiethylcarbinyl, methyl- 
ethyl-n-propylcarbinyl, methylethyl-n-butylcarbinyl, and triethylcarbinyl. 
Yields of Grignard reagents from these chlorides varied from 60% for 
dimethyl-n-amyl- and triethylcarbinyl chlorides to 83% for tertiary butyl 
chloride. All yields were determined by titration of aliquot samples of the 
clear Grignard solution according to Gilman.4 

More magnesium chloride was formed during the preparation of the 
Grignard reagent from the higher tertiary halides. The large amount of 
olefin which was usually isolated from the reaction mixtures in such cases 
indicated the withdrawal of hydrogen chloride from the chloride by the 
magnesium. 

The results indicate that the higher tertiary Grignard reagents are not 
suitable for syntheses which involve the addition of the Grignard reagent to 
the carbonyl group of a ketone or ester. They can be used to some extent, 
however, when an active halogen is present, as in the case of ethyl chloro- 
carbonate and (to a certain extent) acetyl chloride. The reaction with 
carbon dioxide and with formaldehyde in most cases proceeds normally, 
although the yields of the desired acid or primary alcohol are not as high as 
in the case of the lower chlorides. 

The reaction between tertiary-butylmagnesium chloride and ethyl 
(1) Submitted in partial fulfilment of the requirements for the Ph.D degree. 
(2) (a) Whitmore, THIS JOURNAL, 54, 3274 (1932); (b) Whitmore and Woodburn, ibrd , 55, 3 G 1  

(1933) ; (c)  Whitmore and Williams, rbid , 55, 406 (1933). 
(3) Conant and Blatt, i b id . .  51, 1227 (1929). 
(4) Gilman, ibid., 45, 150 (1023). 
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carbonate was investigated. The reaction proceeds only to the first step, 
i. e., to  the ethyl ester of trimethylacetic acid. This is to be expected since 
Conant and BlattS have reported that there is little or no reaction between 
ethyl trimethylacetate and tertiary-butylmagnesium chloride. Tertiary- 
amylmagnesium chloride did not react a t  all with ethyl carbonate in ethyl 
ether. With higher boiling solvents (benzene and toluene) a very small 
amount of the ethyl ester of dimethylethylacetic acid was isolated. 

The reaction with ethyl chlorocarbonate, however, is more general. 
Both tertiary-butyl- and tertiary-amylmagnesium chlorides yield with this 
reagent the ethyl ester of the trisubstituted acetic acid. This reagent also 
reacts with the higher tertiary Grignard reagents. Dimethyl-n-butyl- 
carbinylmagnesium chloride yielded the ethyl ester of dimethyl-n-butyl- 
acetic acid. 

The reaction between acetyl chloride and the tertiary Grignard reagents 
was investigated. In each case the ether solution of Grignard reagent was 
added to an excess of acetyl chloride in ether. From tertiary-butyl- 
magnesium chloride and acetyl chloride was obtained pinacolone in yields 
large enough to compete with the older process for making this ketone. 
Tertiary-amylmagnesium chloride and acetyl chloride yielded methyl 
tertiary-amyl ketone but in lower yield. With methyldiethylcarbinyl- 
magnesium chloride and dimethyl-n-butylcarbinylmagnesium chloride the 
yields of the corresponding ketones were still lower. 

Four of the higher tertiary Grignard reagents were treated with form- 
aldehyde to give homologs of neopentyl alcohol. The study of these alco- 
hols, especially their dehydration with rearrangement, is being continued. 

Experimental 
Description of Distillation Apparatus.-The fractionating columns used in the 

various distillations will be referred to by number? Column I, total reflux type, asbestos 
insulated, packed with 5 X 5 mm. glass rings, 68 X 1.8 cm.; Column 11, same but 35 X 
2.1 cm.; Column IV, total reflux type, electrically heated jacket, indented, 63 X 1.1 
cm. The dimensions, in Columns I and 11, are those of the packed sections, and in 
Column IV, of the indented section. 

Preparation of the Tertiary Halides.-The tertiary carbinols (with the exception of 
the butyl and amyl alcohols6) were prepared as indicated in Table I. 

The chlorides of these carbinols were prepared by saturating the carbinols with dry 
hydrogen chloride at  10-15'. The upper (halide) layer was washed once with a cold 
saturated aqueous solution of potassium carbonate, and dried over anhydrous potassium 
carbonate for at  least twenty-four hours. The halide was then distilled under reduced 
pressure in the presence of 2 g. of anhydrous potassium carbonate to combine with any 
liberated acid. The tertiary carbinols and halides were fractionated through Column 11. 

Preparation of the Tertiary Grignard Reagents.-The main difficulty encountered 
in preparing the higher tertiary Grignard reagents was that of inducing the reaction to 
start. The usual expedients were followed. 

(5) Cf. Whitmore and LUX,  THIS JOURNAL, 64, 3451 (1932). 
(6) These were supplied by the Hydrocarbon Prodl~ctq Cornpanv of New York and the Sharpleq 

Solvents Corp, of Philadelphia, respectively 
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TABLE I 
PREPARATION AND PROPERTIES OF THE TERTIARY CARBINOLS AND CHLORIDES 

Tertiary carbinol 

1 CHa(CIHs)ncOH 
2 CHs(CsHs) (n-CsHr) COH 

B. p. range 

Preparation 
Carbonyl Yield,a 
compd. Grignard % 

Tertiary chloride 
B. p. Yie1d.c 

range, OC. % n: 

1 d 68-69/160d 59' 1 .4208 

2 56/20 to 52/16 1.4231 62-63/52 90 1.4250 
3 64-65/16~ 1.4283 ~4-65/27~ 92 1.4314 
4 65/35 to 63/2gb 1 .417gb 69-72/90b 75 1 .4202~  
5 65-68/15' 1.4235 49.5-51/15' 81 1.4250 
6 72-73/52 1.4294 64-65/52 88 1.4329 

" These are yields of products of the boiling range indicated. They are calculated 
on the halide used Cf. Ref. 2(b). " Cf. Ref. 2(c). Favorski and Zalessky- 
Kibardine give for the carbinol b. p. 121" (755 mm.) and for the chloride b. p 111" 
(761 mm.) and 85" (280 mm.), Bdl. soc. chim., [41 37, 1230 (1925). " Yields of 
products of indicated boiling range, calculated on the carbinol used. ' Calculated on 
the ethyl bromide used in making the carbinol. ' Calculated on the Grignard reagent. 

The procedure in preparing the Grignard reagents is, with one or two minor 
exceptions, that found bv A. R. Lux of this Laboratory to give good yields of tertiary- 
butylmagnesium ~hloride.~ As has been noted by Gilman and his co- worker^,^ it is 
essential that the halide-ether solution be added to the reaction mixture slowly. Any 
considerable deviation from the procedure described, such as varying the amount of 
ether used, etc., results in an appreciably lower yield of Grignard reagent. Vigorous 
and thorough agitation of the reaction mixture is essential. I t  is not necessary to use 
an excess of magnesium. 

A typical procedure as used is given herewith. The procedure described is for a 
four-mole run, the same proportionate amounts of materials being used for smaller or 
larger runs. 

In a 3-liter 3-necked round-bottomed flask fitted with an efficient stirrer, reflux con- 
denser and dropping funnel are placed first a few small crystals of iodine and then 98 g. 
(4 moles) of fresh magnesium turnings. The bottom of the flask is heated with a 
small. flame until the iodine commences to vaporize and is then allowed to cool while the 
halide is being weighed out. Thirty cc. of a mixture of four moles of the tertiary halide 
and 500 cc. of dry diethyl ether is added directly to the dry magnesium. After reac- 
tion has started and progressed for a few minutes, 200 cc. of dry ether is added directly 
to the reaction mixture. Four hundred and seventy-five cc. of the above halide-ether 
solution is placed in the dropping funnel and added with stirring a t  a rate not faster 
than one drop every second. It is advisable to add the halide-ether even more slowly 

(7) For example, a nine-mole preparation of trimethylacetic acid resulted in a 75y0 yield of pure 
acid, based on the tertiary-butyl chloride used. 

(8) Gilman and co-workers, THIS JOURNAL, 60, 425 (1928). 
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in the case of the higher tertiary halides. The remainder of the halide-ether solution 
is diluted with 300 cc. of dry ether and added a t  the same rate with stirring after the first 
portion is added. The mixture is allowed to reflux during the halide-ether addition, no 
external cooling being applied. I t  is unnecessary to heat the mixture after the halide- 
ether solution has been added Stirring is continued for an hour. Before titrating for 
yield the flask containing the Grignard reagent solution is stoppered and left overnight 
to allow suspended material to settle completely. 

In  several cases (noted in Table 11) reaction did not start upon addition of the first 
30 or 40 cc. of halide-ether solution. When this was the case, the addition of a few drops 
of a more reactive halide, such as ethyl- or n-butyl bromide, usually started the reaction. 

TABLE I1 
PREPARATION AND YIELDS OF GRIGNARD REAGENTS OF TERTIARY CHLORIDES 

Halide-ether 
addition, 

Halide Moles hrs Yield Notes 
(CHa)sCCl 3 Note d 80 (C 

(CH~)~(CZH~)CCI 3 Note d 73 6 b 
(CHs)p(n-C4Hg)CC1 1.5  7 . 0  74.4 a 

1.5  9 . 5  79.0 a 
(CH3)2(n-C5H~t)CCI 1 .5  14 59.9 g 
CH~(CZHD)ZCCI 1 .5  Note d 70.4" b 
CHI(CzH~) (n-C3Hy)CCl 1 .5  7 . 7  67.4 b 

3 . 3  24 75.8 b 
4 . 5  52 77.7 c 
5 . 0  90 75.8 a 

CH3(CzHs) (n-C;H9)CCl 4 77 70.0 c 
(CzH5)3CCl 1.4 6 .0  58.3 f 

" Reactions started almost immediately. Reactions started within fifteen min- 
utes. " Necessary to add I cc. of n-butyl bromide and additional iodine to start the re- 
action. d "Not over 1 drop per sec." ' In this Laboratory, H. S. Rothrock and K. C. 
Laughlin have obtained yields of the Grignard reagent of 65 and 72y0, respectively. 
Faworski and Zalessky-Kibardine obtained a 34% yield. Necessary to add 1 cc. of 
ethyl bromide to start reaction. ' Necessary to add a few drops of methyl iodide and 
more iodine to start the reaction. 

In preparing those Grignard reagents in which the olefin which is formed is not a gas 
it is advisable to connect the outlet of the apparatus to a sulfuric acid trap to exclude 
atmospheric moisture. 

Ethyl Carbonate and Tertiary-butylmagnesiwn Chloride.-To 3.8 moles of ter- 
tiary-butylmagnesium chloride in 1500 cc. of ether was added, with stirring, 450 g. (3.8 
moles) of ethyl carbonate (b. p. 125" (734 mm.)). The reaction was mild. The mix- 
ture was refluxed on the water-bath during the addition. As reaction progressed a 
pasty solid separated and the mixture became quite viscous, making stimng difficult. 
Stirring was continued for two hours after the addition was complete. The mixture 
was decomposed on ice and enough dilute sulfuric acid was added to dissolve the precipi- 
tate. The layers were separated and the aqueous layer extracted three times with 
100-cc. of ether. The ether solutions were dried overnight with 75 g. of anhydrous 
potassium carbonate. 

The ether was distilled off through a small packed partial condensation column and 
the residue was distilled through Column I with a high reflux ratio to give the following 
fractions with the weights and boiling points (740 mm.) indicated: (1) 16 5,77-80'; (2) 
10.0,80-83O; (3) 75,83-117'; (4) 280.0, 117-118.5°, n22 1.3888: (5) 125.0, 118.5-126'. 
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Fraction (4) represented a 56% yield of ethyl trimethylacetate based on the Grignard 
reagent used Its saponification products were identified by means of solid derivatives. 

Ethyl Carbonate Tertiary-amylmagnesium Chloride.-A reaction carried out in the 
same way as with the tertiary-butylmagnesium chloride yielded only unchanged ethyl 
carbonate. 

In another experiment, after the Grignard reagent had been prepared, benzene was 
added and the ether was distilled off through a small column. The calculated amount of 
ethyl carbonate was added The reaction mixture was maintained a t  60-70" for several 
hours. Upon working up in the usual way only a trace of the ethyl ester of dimethylethyl- 
acetic acid was obtained. Another reaction carried out in the same way except that  tolu- 
ene was used in place of benzene aiso gave only a trace of the ester. A total of 20 g. of 
the ester was obtained in the last two reactions from a total of 1.66 moles of tertiary-amyl- 
magnesium chloride. The ester boiled a t  140-141 ' It was identified by saponification. 

Ethyl Chlorocarbonate and Tertiarg-butylmagnesium Chloride.--To 2 2 moles of 
tertiary-butylmagnesium chloride in 900 cc. of ether solution was added 244.2 g. (2.25 
moles) of ethyl chlorocarbonate, b. p. 91-92.5" (741 mm.), in 500 cc. of ether a t  a rate of 
2 to 3 drops per sec., with stirring. The mixture was allowed to reflux irom the heat of 
reaction. A gray precipitate separated rapidly, soon making stirring difficult. At the 
end of the reaction the mixture was almost solid. This did not break up when 200 cc 
of ether was added and the mixture stirred vigorously. The mixture stood overnight and 
was then decomposed on ice. Most of the solid dissolved. Ammonium chloride was 
added to dissolve the small amount of gelatinous precipitate. The mixture was worked 
up in the usual way except that the crude product was rduxed and stirred with sodium 
bicarbonate solution to remove unreacted chlorocarbonate. The product was then dried 
over 15 g. of anhydrous sodium sulfate and fractionated a t  737 mm. through Column I 
to give the following fractions: (1) 9.5 g.. 112-115'; (2) 9.0 g., 115-116"; (3) 18.0 g. 
116-117"; (4) 135.0 g., 117", n2z 1.3890; (5) 15.5 g. of residue. Fractions 2 4  were 
identified as ethyl trimethylacetate, yield 56% based on the Grignard reagent. This 
yield could undoubtedly be increased by using a larger volume of ether so as to  permit 
more efficient stirring. 

Ethyl Chlorocarbonate and Tertiary-amyhagnesium Chloride.-To 1.97 moles 
of tertiary-amylmagnesium chloride in a total volume of 1020 cc. was added with stirring 
and refluxing (water-bath), a t  a rate of 1 to 2 drops per second, 212 grams (1.97 moles) 
of ethyl chlorocarbonate. After the addition, the reaction mixture was refluxed and 
stirred for five hours. A gray precipitate gradually separated. The water-bath was 
removed and the mixture stirred overnight. In  the morning the mixture was almost 
solid. It was refluxed with stirring for four hours longer and then treated as usual. 
The product was fractionated a t  735 mm through Column I, giving (1) 51 2 g., 128- 
140"; (2)  116.9 g., 140-141 '; and a residue of 36.9 g. Fraction 2 was identified as 
ethyl dimethylethylacetate, yield 46% based on the Grignard reagent. 

Ethyl Chlorocarbonate and Dimethyl-n-butylcarbinyhagnesium Chloride.-Six 
hundred cc. of a filtered ether solution of 0.99 mole of dimethyl-n-butylcarbinylmagne- 
sium chloride was added during two hours to 116 g. (1.07 mol) of ethyl chlorocarbonate 
in 200 cc. of dry ether. The reaction was vigorous and accompanied by the formation 
of a white precipitate. The mixture was allowed to reflux. The mixture stood over- 
night and was then worked up in the usual way. The product was fractionated through 
Column I1 at  735 mm. for the first three fractions and at 16 mm. for the last three to 
give: (1) 17.2 g., 86-90'; (2) 27.9 g., 90-94'; (3) 3.9 g., 94106'; (4) 16.6 g., 106" (735 
mm.) to 66.5' (16 mm.); (5) 47.1 g., 66.5-70.0' (16 mm.), nZ: 1.4148; (6) 7.7 g., 70- 
105.5' (mainly 103-105.5" (16 mm.)), nZ: 1.4225. Fraction 5 was identified as ethyl 
dimethyl-n-butylacetate. This was converted to dimethyl-n-butylacetamide. m. p. 
and mixed m. p. 92.8-93.8'. Fractions 1 and 2 decolorized bromine solution. 
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Acetyl Cbloride and Tertiary-butylmagnesium Chloride.9-Nine hundred cc. of a 
filtered solution of 2.26 moles of tertiary-butylmagnesium chloride was added to 236 g. 
(3 moles) of redistilled acetyl chloride in 600 cc. of dry ether during six hours with stir- 
ring. The reaction was vigorous. A white to buff precipitate formed. The mixture 
was allowed to reflux from its own heat of reaction. A stream of gas which decolorized 
bromine was evolved slowly. After standing twelve hours the mixture was worked up as 
usual. The product was fractionated a t  740 mm. through Column I to give: (1) 13.6 
g., 62-94'; (2) 11.5 g., 94-101 O; (3) 8.2 g., 101-103°; (4) 92.3 g., 103-106O; (5) 23.0 
g., 106-132'; (6) 11.4 g., 132-133" dec.; (7) 20 g. of black tarry residue. Fraction 4 
was identified as pinacolone by m. p. and mixed m. p. determinations on its semicarba- 
zone and 2,4-dinitrophenylhydraz~ne.~ These points were 154154.5O and 125.5- 
126", respectively. The yield of pinacolone was 40.7% based on the Grignard reagent. 
Other runs have given somewhat higher yields. K. C. Laughlin of this Laboratory has 
obtained a 54% yield by this method. 

Acetyl Chloride and Tertiary-amylmagnesium Chloride.-Two reactions were 
carried out, one in which the temperature of the reaction mixture was maintained at  or 
below O ", and one at  the temperature of boiling ether. 

Reaction at OO.-To 172.7 g. (2.2 moles) of acetyl chloride dissolved in 400 cc. of dry 
ether was added with stirring 900 cc. of tertiary-amylmagnesium chloride solutioncon- 
taining 1.97 moles of Grignard reagent. The flask containing the acetyl chloride solu- 
tion was immersed in a salt-ice freezing mixture. At one time the temperature of the 
mixture rose to +3O, but most of the time it was a t  -3' or below. A cream-colored 
precipitate formed. The mixture was stirred for half an hour at  -2' after all the Grig- 
nard reagent was added and for another half hour with the cooling mixture removed. 
I t  was then decomposed on ice and treated as usual. The product was fractionated at  
730 mm. through Column I1 to give: (1) 6.0 g., 68-120'; (2) 7.3g., 120-125O, n2$ 1.4038; 
(3) 25.7 g., 125-130°, 1.4066; (4) 24.7 g., 130-135'. 1.4100; (5) 16 1 g., 135-140°; 57.6 
g. of residue. The desired methyl tertiary-amyl ketone was undoubtedly in the material 
boiling a t  125-140" but no constant boiling point was obtained. 

Reaction in Refluxing Ether.-To 196 g. (2.5 moles) of acetyl chloride dissolved in 
600 cc. of dry ether was added with stirring during six and one-half hours 900 cc. of 
tertiary-amylmagnesium chloride solution containing 1.99 moles of Grignard reagent. 
The reaction was quite vigorous and the ether refluxed steadily. After 300 cc. of Grig- 
nard solution had been added, 50 g. (0.6 mole) of acetyl chloride was added to ensure an 
excess of chloride in the reaction mixture. A white precipitate formed. The reaction 
mixture stood overnight in the laboratory and was then filtered by suction The filtrate 
and precipitate were worked up separately. 

The filtrate was poured on ice. There was no turbidity. The ether layer was sepa- 
rated and the aqueous portion extracted twice with small amounts of ether. The com- 
bined ether solutions were stirred for ten minutes with about one-fourth their volume of 
saturated aqueous potassium carbonate solution. The solution was light yellow in 
color. It was dried over 50 g. of anhydrous potassium carbonate for two hours and the 
ether was removed through a small partial condensation column. The product was frac- 
tionated a t  738 mm. through Column I1 to give: (1) 5.5 g., 46-99 O; (2) 5.0 g., 99-110"; 
(3) 19.9 g., 110-125'; (4) 9.4 g., 125-12S0; (5) 12.0 g., 128-133'. 

The precipitate was decomposed with ice in the usual way. The product was dried 
as usual and was fractionated at  737 mm. through Column I1 to give: (1) 3.5 g., 120- 
125", ny 1.4074; (2) 20.5 g., 125-12g0, 1.4086; (3) 34.2 g., 129-132O, 1.4100; (4) 21.5 
g., 132-137O, 1.4122; (5) 19.5 g., 137-160'; (6) 15 g., black tarry residue. 

Purification of the Methyl Tertiary-amyl Ketone.-The 125-140' fractions from the 

(9) Whitmore and Badertscher, THIS JOURNAL, 64, 825 (1932). 
(10) Allen, ibid., 62, 2958 (1930). 



three preceding fractionations were combined and steam distilled from aqueous potas- 
sium carbonate solution in order to remove the last traces of acetyl chloride. The ketone 
was salted out of the distillate with sodium chloride and separated. I t  was dried over- 
night with sodium sulfate at  OO. It was then fractionated at  721 mm. through Column 
I, giving 68.3 g. of product boiling a t  129-131 O. The semicarbazone melted a t  138.5- 
139". Wischnegradskill gives the boiling range of this ketone as 131.5-132.5O and 
Meerweinlz reports the melting point of the semicarbazone as 136-138". 

A small sample of the ketone was oxidized with chromic acid. The amide of the 
high-boiling oxidation product (b. p. range 145-185') was prepared. This was com- 
pared with the amide prepared from a known sample of ethyldimethylacetic acid; 
known and unknown and mixed m, p. 102.7-103.2° Haller and BauerIa give the 
m~lting point of this amide as 103-104". 

Acetyl Chloride and Methyldiethylcarbinylmagnesium Chloride.-A one mole run 
carried out in the usual way gave a product which on fractionation a t  749 min. through 
Column I gave the following: (1) 10.8 g., 36-63'; (2) 20.0 g., 63-65". n22 1.3870; (3) 
17.8 g., 6670 ", 1.3989; (4) 17.8 g., 70-151 "; (5) 21.9 g., 151-156", 1.4206. Fraction 
5 represented an 18% yield of 3-methyl-3-ethylpentanone-2 semicarbazone, m. p. 
168.5-16g0. Nybergh gives the boiling point of this ketone as 153.5' and the melting 
point of its semicarbazone as 168".14 Fraction 2 decolorized bromine. 

Acetyl Chloride and Dimethyl-n-butylcarbinylmagnesium Chloride.-A one mole 
run was carried out in the usual way. The reaction was very vigorous. The dried 
product, fractionated at  743 mm. and a t  20 mm., gave the following fractions: (1) 
41 g., 3541  "; (2) 19.4 g., 41-81 "; (3) 13.5 g., 81-90", n2: 1.3900; (4) 28.6 g., 90-91 ", 
1.3950; (5) 26.2 g., 91-93" dec., 1.3986; (61 13.1 g., 68-70 5" (20 mm.), 1.4206; (7) 
8.9 g., 71-74" (20 mm.), 1.4218. Fractions 3-5 decolorized bromine. Fraction 6 
represented a 9% yield of 3,3-dimethylheptanone-2, semicarbazone, m. p. 129-130". 
Leers gives the boiling point of this ketone as 169.5" (735 mm.) and the melting point of 
its semicarbazone as 130 '.I6 

Reactions of Tertiary Grignard Reagents with Formaldehyde.-The following ter- 
tiary Grignard reagents were treated with gaseous formaldehyde: dimethyl-n-amyl- 
carbinyl-, methylethyl-n-propylcarbinyl-, methylethyl-n-butylcarbinyl- and triethyl- 
carbinylmagnesium chloride.16 

2,2-Dirnethylheptanol-1 (from dimethyl-n-amylcarbinylmagnesium chloride and 
formaldehyde)-b. p. 88-89' (15 mm.), n2$ 1.4339; yield, 40.7010, based on Grignard 
reagent. 

Anal. Calcd. for CsHzoO: C, 74.91 ; H, 13.98. Found: C, 74.70, 74.74; H, 13.75, 
13.85. 

2-Methyl-2-ethylpentanol-1 (from methylethyl-n-propylcarbinylmagnesium chlo- 
ri* and formaldehyde)-b. p. 75.5-76" (15 mm.), n? 1.4353; yield, 30%, based on 
Grignard reagent. 

Anal. Calcd. for CsHlsO: C, 73.76; H, 13.92. Found: C, 73.76, 73.73; H, 13.70, 
13.75. 

2-Methyl-2-ethylhexanol-1 (from methylethyl-n-butylcarbinylmagnesium chloride 
and formaldehyde)-b. p. 85.5-86' (11 rnm.), n% 1.4401; yield, 31%, based on Grig- 
nard reagent. 

(11) Wischnegradski, Ann., 178, 105 (1875). 
(12) Meerwein, ibid., 396, 256 (1913). 
(13) Haller and Bauer, Compt. rend., 148, 129 (1909). 
(14) Ber., SSB, 1960 (1922). 
(15) Leers, Bull. sor. chim., [4] 39, 651 (1826). 
(16) Cf. Whitmore and Church, THIS JOURNAI.. 66, 1119 (1933). 



Aml. Calcd. for CgWnoO: C, 74.91; H, 13.98. Found: C, 74.87, 75.06; H, 13.76, 
13.91. 

2,2-Diethylbutanol-1 (from triethylcarbinylmagnesium chloride and formalde- 
hyde)-b. p. 75-78" (12 mm.), n2j 1.443; yield, lo%, based on Grignard reagent. 

Anal. Calcd. for CsHlsO: C ,  73.76; H, 13.92. Found: C, 73.78, 73.54; H, 13.75, 
13.64. 

Reaction of Carbon Dioxide with Dimethyl-n-butylcarbinylmagnesium Chloride 
and with Dimethyl-n-amylcarbinylmagnesiurn Chloride.-No aftempt was made to 
obtain the maximum yield of acids since the runs were small, and i t  has been our ex- 
perience that the best yields of Grignard reagent are not obtained in small runs. K. C. 
Laughlin of this Laboratory has obtained a 42% yield of methyldiethylacetic acid in a 
3-mole run, based on the methyldiethylcarbinyl chloride used. 

Dimethyl-n-butylcarbinylmagnesium Chloride and Carbon Dioxide.-A half mole 
preparation of the Grignard reagent was made as usual. The total time for the halide- 
ether addition was four hours. Fifty cc. of ether was added and carbon dioxide was 
passed into the stirred mixture for five hours, pressure being applied by dipping the out- 
let tube of the apparatus into a 60-mm. column of mercury. The reaction flask was 
cooled by an ice-salt freezing mixture. The reaction mixture was decomposed by 
acidifying with 1:l sulfuric acid. The ether layer was separated and the aqueous layer 
extracted ten times with 10-cc. portions of ether and the combined ether solutions dried 
over 30 g. of sodium sulfate in the refrigerator. 

Suction (water pump) was applied and the ether removed. The amide was pre- 
pared from this crude acid in the usual way by heating a small portion with two or three 
times its volume of phosphorus tricliloride until a pasty yellow solid commenced to pre- 
cipitate and then decanting the mixture into cold aqueous ammonia. The amide was 
insoluble in water and was recrystallized by dissolving in ethyl acetate and precipitating 
with petroleum ether; m. p. of amide, 92.8-93.8' (uncorr.). 

Dimethyl-n-amylcarbinylmagnesium Chloride and Carbon Dioxide.--A one-third 
mole preparation of the Grignard reagent was carried out in the usual manner. The 
mixture was diluted with 100 cc. ether, a salt-ice freezing mixture was placed around the 
reaction flask and carbon dioxide gas was passed into the flask with stirring, pressure 
being applied by dipping the outlet tube 80 mm. under the surface of mercury contained 
in a test-tube. The reaction mixture was decomposed and worked up in the same man- 
ner as in the preceding preparation. The ether was taken off through Column IV and 
the distillation continued until the temperature reached 115" a t  atmospheric pressure. 
The distillate consisted of olefins. The remaining olefin was removed by  suction and 
the residue was fractionated a t  10 mm. through Column IV t o  give: (1) 1.3 g., 110- 
117"; (2) 3.9 g., 117-118", nZi 1.4335; (3) 4.9 g., l l g O ,  1.4318; (4) 3.2 g., 118-118.5", 
1.4305. Fractions 2-4 represented a 22y0 yield of dimethyl-n-amylacetic acid I ts  
amide, prepared in the usual way, melted a t  102.5-103.5°. 

Summary 
1. The yields of eight aliphatic tertiary organomagnesium chlorides 

have been determined. These range from 60 to 80%. 
2.  The reaction between tertiary Grignard reagents and ethyl chloro- 

carbonate gives the ethyl ester of the corresponding substituted acetic acid. 
This reaction is useful synthetically. 

3. Tertiary-butylmagnesium chloride reacts with ethyl carbonate to 
form ethyl trimethylacetate. Higher tertiary Grignard reagents react 
little or not a t  all with ethyl carbonate. 
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4. Tertiary-butylmagnesium chloride, when added to an excess of 
acetyl chloride in ether, gives pinacolone in good yields. The yields of the 
corresponding ketones from higher tertiary Grignard reagents and acetyl 
chloride are lower. 

5. Four homologs of neopentyl alcohol, 2,2-dimethylheptanol-1, 2- 
methyl-2-ethylpentanol-1, 2-methyl-2-ethylhexanof-1, and 2,2-diethyl- 
butanol-1 have been prepared from the action of formaldehyde with 
tertiary Grignard reagents. 

6. E'reliminary stiidies hgve been lasde on thc action of carbon dioxide 
with certain higher tertiary Grignard reagents. 

STATE COLLEGE, PENNSYLVANIA RECEIVED AUGUST 24, 1932 
PUBLISHED APRIL 6, 1933 

The Interconversion of Arylrnercuric Halides and 
Diarylmercury Compounds. 111 

The conversion of simple mercurated organic compounds of the type, 
RHgX, to the mercuri-bis type, R2Hg, has long been of interest.l In  the 
present work this change has been produced in a large number of aromatic 
mercury compounds by means of sodium alcoholates and alcoholic po- 
tassium hydroxide3 ar,d by means of a long known but neglected reagent 
for this purpose, namely, sodium ~yan ide .~  These studies have been con- 
ducted with the chloronaphthylmercuric chlorides prepared from a series of 
new chloronaphthalene sulfinic acids obtained from the chloronaphthalene 
sulfonyl chlorides made available in this Laboratory in another re~earch .~  
The diarylmercury compounds were converted to the arylmercuric bro- 
mides and iodides by treatment with mercuric bromide and iodide. 

Experimental 
A. Mercury Compounds of the Chloronaphthalenes 

The Chloronaphthalene Sulfinic Acids.-Of the various ways of converting sulfonyl 
chlorides to sulfinic acids,B the sodium sulfite method was adopted for the present 
work. In place of the sodium bicarbonate usually recommended an equivalent amount 
of dilute sodium hydroxide solution was used. The preparation of l-chloronaphthalene- 
6-sulfinic acid may be taken as typical. 

A solution of 400 cc, of water, 25.2 g. (0.2 mole) of sodium sulfite, 80 cc. of 20% 
sodium hydroxide solution (0.4 mole) was heated to boiling in a 1-liter beaker equipped 

(1) Whitmore and Sobatzki, THIS JOURNAL, 55, 1128 (1933). 
(2) Submitted in partial fulfilment of the requirements for the Ph.D. degtee. 
(3) Whitmore, Hanson and Carnahan, THIS JOURNAL, 51, 894 (1929). 
(4) Buckton, Ann., 108, 105 (1858). 
(5) Beattie and Whitmore, THIS JOURNAL, 56, 1546 (1933). 
(6 )  "Organic Syntheses," 2, 90 (1922). 
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with a mechanical stirrer. To  the stirred solution just below the boiling point was 
added gradually 52 2 g. (0.2 mole) of finely powdered 1-chloronaphthalene-6-sulfonyl 
chloride.6 The mixture was filtered and the hot filtrate was acidified. After cooling, 
the sulfinic acid precipitate was filtered off, washed and dried in vacuum over phos- 
phorus pentoxide; yield 44 g., 95%. Six other runs gave an average of 91%. The 
melting point of the freshly prepared substance was 127-128". On long standing the 
melting point gradually rose as high a s  250'. The work on the sulfinic acids is sum- 
marized in Table I. All of these are new except the 1,5 compound which was reported 
by Reissert as decomposing above 220°.7 

Position of 
CI and SOaH 

1,4 
1,5 
136 
137 
1,8 
2 s  
2,6 
2,7 
2.8 

Yield, 
%'J 

G. 
made 

83 
72 

210 
110 
65 

260 
320 
220 
40 

CI analyses 
Calcd.: 15.6 

FoundC 

15.4 
15.5 
16.1 
16.0 
16.0 
15.5 
15.7 
16.2 
15.4 

a The  melting points are of freshly prepared dry samples. In  several cases long 
storage even in tightly stoppered bottles produced increases in m. p. of over 100". 
This phenomenon was not studied. Yield based on the pure sulfonyl chloride used. 
" The figures given are the average of a t  least two analyses in each case. The 1,8 
and 2 , l  acids darkened rapidly when exposed t o  light. The latter even decomposed 
slowly when stored in a dark bottle. All of these sulfinic acids darkened slowly in di- 
rect sunlight. " Even a freshly prepared sample did not melt a t  300". 

The sulfinic acids were soluble in acetone, alcohol, benzene and toluene but sparingly 
soluble in chloroform and carbon tetrachloride. Cold concentrated sulfuric acid gave 
a blue or purple color with the following acids, 1,4, 1,5, 2,l  and 2.8, and a green color 
with the 1,6, 1,7, 1,8, 2,6 and 2,7. A little time was sometimes necessary t o  develop 
the green color. 

The Chloronaphthylmercuric Chlorides.-These were prepared by the reaction of 
Peters by  boiling the sulfinic acids with aqueous mercuric c h l ~ r i d e . ~  In  the preparation 
of the 1,6 and 1,7 compounds the evolution of sulfur dioxide was very slow while the 1,s  
and 2.1 sulfinic acids reacted very rapidly. The nine chloronaphthylmercuric chlorides 
were insoluble in most solvents except hot xylene, the 1,8 and 2,l compounds being the 
most soluble and the 2,6 and 2,7 compounds the least soluble. With the exception of 
the  2 , l  compound they formed white fluffy crystals which usually had a distinct static 
charge. The 2,l  compound formed fairly large dense plate crystals of a yellowish-white. 

The Mercuri-bis-chloronaphtha1enes.-These were prepared from the -HgCl 
compounds by treatment with an excess of alcoholic sodium iodide. 

They were also prepared by the new method using an excess of alcoholic sodium cya- 
nide. In each case the nature of the diarylmercury compound was proved by its reaction 
with mercuric chloride in acetone to give the original chloronaphthyln~ercuric chloride. 
I n  a similar way the new chloronaphthylmercuric bromides and iodides were prepared. 

(7) Reissert, Ber., 55, 873 (1922). 
(8) Peters, "Organic Syntheses." 3, 99 (1923); Ber., 38, 2567 (1905) 





1570 R. W. BEATTIE AND FRANK C. WHITMORE Vol. 55 

In several cases the melting points of the mercuri-bis and chloromercuri compounds 
were nearly the same. In such cases mixed melting points were used to detect the dif- 
ference in the compounds. In six out of the nine cases the melting point of the mercuri- 
bis compound was distinctly higher than that of the corresponding chloromercuri com- 
pound. The mercuri-bis compounds formed white minute needles except the 1-mer- 
curi-bis-2-chloronaphthalene and 8-mercuri-bis-1-chloronaphthalene which formed dense 
white powders. 

The Bromomercuri and Iodomercuri Compounds.-Most of the bromomercuri- 
compounds crystallized from the acetone reaction mixture. The 1,6, 2,6 and 2,7 com- 
pounds were insoluble in hot acetone and were crystallized from hot xylene as fine white 
powders. The 1,4 compound crystallized from hot acetone in small golden plates and 
the 1,2 compound in very dense yellow plates. The others formed white fluffy needle 
crystals. 

The iodomercuri compounds have properties similar to the bromo compounds. 
The 1,6, 1,7,2,6 and 2,7 compounds had to be crystallized from hot xylene because of 
their insolubility in acetone. The 2,7 compound was obtained in small nacreous plates 
and the 2,8 compound as golden plates. The others formed fine white needles. 

The work on the new mercury compounds is summarized in Table 11. 

B. The Formation of Mercuri-bis Compounds by Alkali Cyanides 
Phenyl Compounds.-Phenylmercuric chloride, m. p. 251°, was prepared from 

aniline in 23y0 yields by the method of Nesmejan~w.~ Phenylme~curic acetate, m. p. 
145-146°, was prepared by the mercuration of benzene with mercuric acetate in al- 
cohol solution.10 

A solution of 1.3 g. (2 mols) of potassium cyanide in 100 cc. of 95% alcohol was re- 
fluxed with 3.12 g. (1 mol) of phenylmercuric chloride for one hour. On cooling 1.37 g. 
of pure diphenylmercury, m. p. 123-123.5O, separated, a yield of 38%. This reaction 
is in sharp contrast to the failure of a similar experiment with sodium iodide to give 
mercury diphenyl.' Similar results were obtained with phenylmercuric acetate and 
2 or 3 mols of potassium or sodium cyanide. The use of only 1 mol of the cyanide gave 
phenylmercuric cyanide. m. p. 204205", in 85y0 yield. The same result was obtained 
with phenylmercuric acetate. 

pTolyl Compounds.-Di-p-tolylmercury, m. p. 243-244', was obtained in 73% 
yield by the action of an alcoholic solution of 3 mols of sodium cyanide on p-tolylmer- 
curic chloride. 

Naphthyl Compounds.--Naphthylmercuric chloride, m. p. 189-190°, was obtained 
in 20y0 yield from a-naphthylamine.8 The @-compound, m. p 267O, was made in BOYo 
yield from sodium naphthalene-2-sulfinate (Peters) and in 47% yield from @-naphthyl- 
amine (Nesmejanow). 

TABLE 111 
PREPARATION OF DI-p-NAPHTHYLMERCURY 

M. p. Yield, 
Reagents Solvent Conditions of product, OC. % 

ArHgCl $ 2 mols NaIa Alcohol Boil, 15 hrs. 238-239 86 
ArHgCl $ Cub Pyridine Boil, 1 hr. 244 70 
ArN2Cl.HgCb + Cu Acetone Cold, 1 hr. 241-242 40 
ArHgCl $ 3  mols NaCN Alcohol Boil, 0.5 hr. 247-248 83.5 
ArHgCN f 2 mols NaCN Alcohol Boil, 0 .5  hr. 246-248 

a Cf. Steinkopf's results with the a-compound, Ann., 413, 329 (1917). Hein and 
Wagler, Ber., 58, 1499 (1925). 

(9) Nesmejauow, Ber., 62, 1010 (1929). 
(10) Sneed and Maynard, THIS JOURNAL, 44,2942 (1922). 
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Di-8-naphthylmercury was made in a variety of ways. The best method was that 
using sodium cyanide. The results are summarized in Table 111. 

The 8-naphthylmercuric cyanide used in the last experiment melted a t  213-214' 
and was made bx the action of 1 mol of cyanide with the naphthylrnercuric chloride. 

The di-P-naphthylmercury reacted with mercuric bromide and iodide in boiling 
acetone to give nearly quantitative yields of 8-naphthylmercuric bromide, m. p. 266- 
266.5" and of 8-naphthylmercuric iodide, m. p. 251-251.5". 

Chloronaphthyl Compounds-Each of the nine chloronaphthyllnercuric chlorides 
was converted to the correspondina mercuri-bis compounds by treatment with 3 mols - 
of sodium cyanide in boiling alcohol. In several cases products with melting points 
higher than those obtained by the sodium iodide method resulted. The yields, however, 
were usually slightly lower by the cyanide method. 

C. The Formation of Mercuri-bis Compounds by Alcoholates and Alcoholic Alkalies 

The arylmercuric chlorides were refluxed with an excess of the alcoholic reagent. 
The results appear in Table IV. The method is general but is inferior to the older 
methods. 

TABLE IV 
Time of M. P Yield. 

ArHgCl Reagent Solvent refluxing AnHg, "C.  % 
Phenyl CH30Na Abs. CHaOH 3 hrs. 123.5 34 
p-Tolyl CzHsONa Abs. CpHsOH 3 hrs. 244 59 
p-Tolyl CzaONa 95% CtHsOH 3 hrs. 244 41 
p-Tolyl (CH8)zCHONa (CHs)2CHOH 3 hrs 244 45 

- fi-Naphthyl C~HSON~"  Abs. C2H60H a 242-244 57 to 77' 
8-Naphthyl C2HsONa 95% CZHSOH 241-246 4 ~ 6 2 ~  
0-Naphthyl CHaONa Abs. CH3OH 3 .5  hrs. 244 50 
6-Naphthyl (CH8)2CHONa (CH8)tCHOH 3 . 5  hrs. 247 42 
P-Naphthyl KOHC Abs. C2H60H 3-7 hrs 245 48-62 

" A series of nine experiments with varying amounts of alcoholate and varying 
conditions was tried. Less than 2 mols of alcoholate gave impure products. Larger 
amounts gave no increase in the yields. Refluxing or stirring at  room temperature for 
seven hours gave about the same yield. The method is not as good as the iodide or 
cyanide method. A series of four experiments. " A series of five experiments. Less 
than 3 mols of potassium hydroxide was ineffective and more gave no increase in yield. 

Summary 
1. Eight chloronaphthalene sulfinic acids have been prepared for the 

first time and new data have been obtained for the 1,5 compound. 
2 .  Thirty-five new organic mercury compounds related to the chloro- 

naphthalenes have been prepared. Di-P-naphthylrnercury has been 
obtained with m. p. 247-248O. 

3. Equivalent quantities of alkali cyanides convert arylmercuric chlo- 
rides to the arylmercuric cyanides but an excess of alkali cyanide gives the 
diarylmercury compounds. The products are purer but the yields are some- 
what lower than with the iodide method for preparing these substances. 

4. Sodium alcoholates and alcoholic potassium hydroxide also form the 
diarylmercury compounds but in yields distinctly lower than those of the 
iodide and cyanide methods. 
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[CONTRIBUTION FROM THE SCHOOL OF CHEMISTRY OR THE UNIVERSITY OF MINNESOTA] 

The Thermal Decomposition of Phenyl Vinyl Ether 

In connection with a general study of the molecular rearrangements of 
the alpha, beta-unsaturated ethers i t  became necessary to examine the 
behavior of phenyl vinyl ether on thermal decomposition. Powell and 
Adamsl have reported that the principal product of the reaction is phenol. 
Our results have led us to believe that although phenol plays a part in the 
reaction it always appears in the end-products in relatively small amounts. 

A sample of phenyl vinyl ether was heated in a sealed tube as described 
in the reference cited, and on distillation essentially the same fractions were 
obtained. I t  was observed, however, that a large part of the high-boiling 
material was insoluble in aqueous alkali. In subsequent experiments the 
reaction mixture was extracted with alkali and then distilled under dimin- 
isheed pressure. From a 20-g. sample, the alkali extract never contained 
more than half a gram of phenol isolated as tribromophenol. The balance 
of the product gave on distillation a large portion of unchanged starting 
material and 2-6 g. of a colorless oil which boiled a t  154-155' a t  14 mm.; 
approximately an equal amount of tarry residue always remained. 

The colorless oil was shown to have the empirical formula C14H1402. 
It was insoluble in aqueous alkali, but with bromine water it gave a bulky 
precipitate of tribromophenol, and on oxidation with nitric acid, the 
only product isolated was 2,4-dinitrophenol. Hydrolysis gave phenol and 
acetaldehyde. The physical and chemical properties seemed to correspond 
to acetaldehyde diphenylacetal as described by F o ~ s e . ~  A sample was 
therefore prepared by his method and the compounds were found to be 
identical. 

The tarry residue remaining after the distillation could not be induced 
to  crystallize or sublime. The apparent molecular weight was found to be 
806, although the figure is perhaps much too low, due to included impurities. 

The presence of acetaldehyde diphenylacetal in the decomposition prod- 
ucts of phenyl vinyl ether is difficult to explain, although a reasonable 
mechanism by which i t  might be formed involves the addition of phenol to 
the unchanged starting material. CsHsOH + C6H50CH=CHz --+ CHa- 
CH(0CsHs)z. That hydroxy compounds add to alpha,beta-unsaturated 
ethers is well known, but to ensure the plausibility of the reaction in this 
case, a mixture of phenyl vinyl ether and phenol was heated in a sealed tube 
under the usual conditions of the decomposition reaction. The unexpected 
result was that all of the phenyl vinyl ether was destroyed; from the tarry 
mixture only phenol could be isolated and in greater amounts than had 

(1) Powell with Adams, Tnrs JOURNAL, 42, 646 (1920) 
(2) Fosse, Bull. soc. chim., [3] 23, 515 (1900) 
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been added. This seemed to point to the instability of acetaldehyde di- 
phenylacetal in the presence of relatively large amounts of phenol a t  high 
temperatures, a supposition which was confirmed by heating the two sub- 
stances together to 260'. The result was the same as in the preceding ex- 
periment. However, by slowly adding phenol to boiling phenyl vinyl 
ether during a period of several hours, a smooth addition took place and 
the corresponding acetal was formed in 90% yield. 

The origin of the phenol is not clear, although it is probably connected 
in some way with the polymeric material which always appears as a side 
product. 

Experimental Part 
The phenyl vinyl ether used in this work was prepared by the following set of re- 

actions 
ClCHzCHzOH SOClz KOH 

CsHaOH -- CBHE.OCHZCH~OH ---+ C6H50CHzCHzC1 --+ 
KOH 

CsH60CH=CHn 

Although yields were not large, the nature of all reagents made the synthesis more satis- 
factory than others in the l i te ra t~re .~  

8-Chloropheneto1e.-Two moles each of potassium hydroxide, phenol and ethylene 
chlorohydrin, 350 cc. of water and 400 cc. of benzene were placed in a two-liter flask 
under a reflux condenser and boiled on a steam-bath for twelve hours. The benzene 
layer was separated, washed free of phenol with 5% sodium hydroxide and dried by boil- 
ing off about one-third of the benzene. I t  was added slowly through a dropping funnel 
set in a reflux condenser to 2 moles of practical grade thionyl chloride in an equal volume 
of benzene. The solvent was evaporated and the product was distilled a t  atmospheric 
pressure under a hood; yields were consistently 5&53y0; b. p. 213-221 ". 

Phenyl Vinyl Ether.-This was prepared in 50% yield by twice distilling the crude 
8-chlorophenetole from powdered potassium hydroxide in the manner previously de- 
scribed by the present authors4 It boiled at  154-158' and redistillation gave 155-156". 
the value in the literature. 

Thermal Decomposition of Phenyl Vinyl Ether.-The following typical run is 
given in detail. All others were similarly performed with differences only in time and 
temperature. 

Twenty-five grams of phenyl vinyl ether was sealed in a soft glass Carius tube and 
heated to 295-300" for three hours. The tube was allowed to cool, and on unsealing 
no pressure was observed. The product was clear and only slightly discolored. It was 
taken up in ether and extracted twice with 50-cc. portions of 570 sodium hydroxide. 
This extract brominated gave 0.7 g. of tribromophenol, m. p. and mixed m. p. 90-91 ", 
indicative of about 0.3 g. of phenol. Theether solution was evaporated and distilled 
under diminished pressure. The first fraction was 4.5 g of unchanged starting material 
which came over below 70' at  14 mm. An intermediate fraction of 3.8 g. distilled as the 
temperature rose steadily to 153 '. The principal fraction, 8.6 g., was collected a t  153- 
156". A tarry residue remained. 

By working over the second and third fractions, 8 g. of pure acetaldehyde diphenyl- 
acetal was obtained; b. p. 154-155" a t  14 mm., 174-175" at 26 mm. 

Anat. Calcd. for CI~HIIO~: C, 78.5; H, 6.5. Found: C, 78.6, 78.6; H, 6.5, 6.6. 

(3) Wohl and Berthold, Bey., 43, 2175 (1910); v. Braun and Kirschbaum, ibid. ,  63, 1399 (1920). 
(4) Lauer and Spielman, THIS JOURNAL, 53, 1533 (1931). 



A sample was prepared according to the directions of Fosse2 and the boiling points 
were found to be the same. On cooling with solid carbon dioxide both crystallized; 
m. p. and mixed m. p. 9-10'. 

The usual run of 20 g. of phenyl vinyl ether heated to 260-280 " for twelve hours 
gave 0.11 g. of phenol and 2.0 g. of the acetal. In  no case was the amount of phenol 
isolated more than one-tenth of the yield of acetal. 

Addition of Phenol to Phenyl Vinyl Ether.-Eight grams of phenyl vinyl ether was 
heated to boiling in an atmosphere of carbon dioxide. To this was added dropwise 
during eight hours 5 g.  of phenol in 2 g .  of phenyl vinyl ether. Boiling was continued 
for eight hours as the temperature (thermometer in liquid) rose slowly to 210'. The 
product was distilled and 10.4 g, of acetaldehyde diphenylacetal was collected a t  172- 
178" at 26 mm. 

Summary 
Phenyl vinyl ether has been shown to decompose a t  260-300' to give 

phenol, acetaldehyde diphenylacetal and an unknown substance of high 
molecular weight. 

[CONTRIBUTION FROM THE CHEMISTRY LABORATORY OP JOHNS HOPKINS UNIVERSITY ] 

Isomorphism and Alternation in the Melting Points of the 
Normal Alcohols, Acetates, Bromides, Acids and Ethyl 

Esters from Clo to C18 

The alternation of properties, particularly melting points, in various 
series has engaged the attention of many  investigator^.'.^*^ When the 
melting points of the normal alcohols are plotted against the number of 
carbon atoms a decided alternation is evident in the lower members but 
becomes so small for the higher that the scattered data in the literature are 
not sufficiently accurate and consistent to show whether i t  exists or not. 

(1) (a) Timmermans, Bull. soc. J i m .  Belg., 30, 89-97; 31, 389 (1922); 36, 276-288 (1926); 38, 
295 (1929); (b) Deffet, ibid., 40, 385-402 (1931); (c) Cuy, THIS JOURNAL, 42, 503 (1920); (d) Pauly, 
Z. anorg. allgem. Chem., 119,271-291 (1922) : (e) Piper, Chibnall, Hopkins, Pollard, Smith and Williams, 
Biochem. J., 26,2072-2094 (1931) ; (f) Gamer and Randall, J. Chem. Soc., 126,881 (1924) ; (g) Garner, 
Madden and Rushbrooke, ibid.. 2491 (1926); (h) Garner and Rushbrooke, ibid., 1351-1359 (1927), 
(i) Garner and King, ibid., 1849-1861 (1929); (j) King and Garner. ihid., 57&580 (1931); (k) Malkin, 
THIS JOURNAL, 62, 3739 (1930); (1) Malkin, Nature, 127, 126-127 (1931); (m) Malkin, J. Chem. Soc , 
2796-2805 (1931); (n) Piper and Malkin, Nature, 126, 278 (1930); (0) Whitby, J. Chem. Soc., 1458 
(1926); (p) Levene, West and Van der Scheer, J. Biol. Chem., 20, 521-534 (1915); 23, 72; (q) Levene 
and Taylor, ibid,  69, 905-921 (1924); (r) Shepard, Henne and Midgley, THIS JOIIRNAL, 63, 1948- 
1958 (1931); (s) Deese, ibid., 63, 3673-3682 (1931); (t) Verkade and Coops, Rec. tray. chim , 46, 903- 
917 (1927); (u) Blau, Monatsh., 26,103 (1905); (v) Krafft, Ber., 16,1714 (1882); (w) Gascard, Comfit 
vend., 170, 886-888, 1326-1328 (1920); ibid., 163, 1484-1487 (1911); Ann. chim., [9] 18, 347 (1921); 
(x) Bleyburg and Ulrich, Ber., 64,2604-2513 (1913). 

(2) Talvitie, Ann. Acad. Sci. Fennicae, No. 16, A26, 1-94 (1927). 
(3) (a) Blaise and Gueriu, Bull. soc. chim., [31 29, 1903 (1903); (b) Jeffreys, Am. Chcm. J., 22. 

14 (1899); (c) Slotta and Jacobi, J. prakt. Chem., [2] 120, 249 (1929); (d) Fridau, Ann., 83, 1 (1852); 
(e) Oskerko, J. Russ. Phys.-Chem. Soc., 46, 413 (1914); Chem. Zentr., 11, 1264 (1914); (I) Yontz, THIS 
JOURNAL, 47, 2252 (1925); (8) Vorlander and Selke, Z. physik. Chem.. 129, 435 (1927); (h) Piper and 
co-workers, Blochem. J., 26, 2072 (1931). 
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It seemed desirable to decide this question by preparing the normal 
alcohols from decyl to octadecyl in the highest purity practicable and deter- 
mining their setting points by the most accurate method, using the same 
apparatus and temperature scale for all. For comparison the setting 
points of the acids and their ethyl esters, from which the alcohols were 
prepared, have been deter- 
mined and also those of the 
bromides and acetates made 
from the aicohols. The meit- 
ing points of many of these 
compounds, par t icular ly  
those with uneven numbers 
of carbon atoms, were un- 
known. 

In determining the setting 
point of cetyl alcohol a break .$ 
in the cooling curve betrayed . 
a transition in the solid state. 
Tliiis led to a study of the 
cooling curves for the other 
compounds and the discovery 
of polymorphism in a num- 
ber of them. Garner and 
c o - w o r k e r ~ ~ ~ , ~ , ~ ~ ~  have studied 
polymorpl~ism in the acids by 
cooling curves, Francis, Piper 
and Malkin4 by x-rays and 
~ a l k i n l ~  by x-rays and opti- -20 
cal methods. Huffman, 
Parks  and  Barmore5 and  
Garner, v a n  Bibber and  

10 12 14 16 18 
King6 find transitions in a Carbon content. 
number of hydrocarbons by Fig. 1.-Melting points. 
t h e r m a l  measurements. 
DeeselVound a transition in ~z-amyl bromide and Levene and Taylor1q 
speak of two forms of the nitriles. 

When our work was almost finished, Phillips and Mumford7 published a 
paper on dimorphism of several of these compounds. They considered 
only cetyl and octadecyl alcohols and related compounds and also ethyl 
heptadecoate. They found two types of dimorphism. Some of their 

(4) Francis, Piper and Malkin, Proc. Roy. Soc. (London), 188A, 214-252 (19301. 
(5) Huffman, Parks and Barmore, THIS JOURNAL, 53, 3876-3888 (1931). 
(6) Garner, van Bibber and King, J .  Chem. Soc , 1533 (1931). 
17) Phillips and Mumford, ibid., 1732 (1931). 
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compounds showed two distinct melting points corresponding to two 
crystal forms, while others showed a break in the cooling curve of the solid 
indicating a change in crystal structure. This was enantiotropic and 
could be observed in either a cooling curve or a melting curve of the solid, 
When two distinct melting points were obtained, the crystal which formed 
first and had the lower melting point was designated as an "alpha crystal," 
while that which formed second, having a higher melting point, was termed 

30 a "beta crystal." For an 
arrest in the cooling curve of 
the solid they used the term 

20 "gamma modification." For 
the sake of clearness this con- 

10 vention will be followed here. 
They found alpha and beta 
crystals ior cetyl chloride, 

d 
0 cetyl and octadecyl acetate, 

4 
b ethyl palmitate and stearate, .- 2 -10 and diethyl cetyl malonate. 
0 o No dimorphism was found in 
3 & -20 cetyl bromide, or iodide, n- 

6 hexadecane or ethyl cetyl 
ether. Transitions of the 

- 30 gamma type  appeared in 
cetyl alcohol and ethyl hepta- 

-40 decoate. 
Since our work was finished 

-50 (November, 1931), Malkinlm 
has published a paper on the 

- 60 ethyl esters in which he finds 
0 30 60 enantiotropic dimorphism in 

T i e  in minutes. ethyl heptodecoate and 
Fig. 2.-Bromides. higher uneven ethyl esters 

and Phillips and Mumford8 have published a second paper considering the 
even esters Clo, C12, C14 and CI6 and CI8 with one uneven ester, ethyl 
heptodecoate. They found no dimorphism for the lower even esters except 
ethyl myristate, for which they record an alpha fusion point of 11.7' and a 
beta melting point of 12.3'. 

Smiths also studied dimorphism in ethyl palmitate, ethyl stearate and 
butyl stearate, the first two of which give alpha and beta crystals while 
butyl stearate gives only one kind. In a very recent paperlo he discusses 
cetyl and octadecyl iodides and hexadecane and octadecane. From cool- 

(8) Phillips and Mumford, J .  Chem. Soc., 898 (1932). 
(9) Smith, ibid.,  804 (1931). 
(10) Smith, ibid.,  737-741 (1932). 



ing curves of the pure solids he does not find any evidence of polymor- 
phism but from binary systems he finds indications of a transition in these 
compounds. 

Results 

Alternation.-The results obtained are brought together in Table I 
and in figures. 

FUSION POINTS AND CRYSTAL FORMS, 'C. 
Alcohols-a Form stable Bromides, Acetates 

Carbon a Form (f .  p ) fusion a Form (f p ) 
content Transition Ref. point Ref Transition 

10 5 99 9 - 2962  -15 05 S 
11 1 5 8 5  10 -13 15  -12 59 M Monotropic 
12 23 87 11 - 9 6 0  1 13 S 
13 30 63 B 27 96-28 75 12 5 94 2 44 M Monotropic 
14 37 62 E 34.58-35 33 13 5 67 14 01 S 
15 43 84 E 37.33 14 18 63 14 99 M Monotropic 
16 49 27 E 42.75-44 84 15 17 54 18 18 49 M Monotroplc 
17 53 31 E 45 55-45 85 16 28 40 24 39 S 
18 57 85 E 51.93-52 89 17 27 35 19 29 97 M Monotropic 

8 Porm 
(f.  p.) Ref. 

Acids-a Form stable 
a Form (f. p ) Hydro- B Form 

Transition carbons a Form (f  p ) Transition (f p ) 
10 31.19 23 -29.76 -19.96 S 32 
11 277.77 E 10.65-10 52 24 -25.65 -1Y.39 S 
12 43 22 25 - 9.73 - 1 6 8  S 33 
13 41.55 E28.09- 2759 26 - 6 2  - 3 13 S E - 1 1 9 4 t o - 1 2 . 2 6  
14 53.86 27 5 5 11 93 S 34 
15 52.26 E 41.33-40.86 28 10 12 21 S 3 8 44-8.24 
16 61 82 29 18 2 19.72 M Monotropic 23 Za 35 
17 60.66 E 58.15 30 22.5 25.11 S E  17 04-16.23 36 
18 68.82 31 27.90 30 56 M Monotropic 32 9" 37 

" Data taken from Phillips and Mumford. E = enantiotropic, S = stable, M = 

metastable. 

The numbers refer to prior references, the letters to Ref. 1 (a = la ;  b = lb,  etc.). 
9 6.4' t and u; 7" 2. lo 16.3' t ;  11" z; l g O u  and 3b. "23.8" t; 24-26" u; 24' v; 
23"k. 1230.5"~. 1337.70h; 3S0v ,uandk .  " 4 4 ' ~ ;  45-46"uandlO. 1649.10 
5; 4g0wandk;  49-49.5"~;  49.27'8andv. 1654"pandw. 1758.5"pandw; 59" 
v and k;  57.95" 8; 58.5-59.5" q. l8 16.3' 5; 15-16" 3c; 15" 3d. l9 28.5" 3e 20 12- 
13"v. 21 22-23'~; 22.7'3f; or 18.7". 622.3'5. 22 31" v;  a29.7O, j331.3'5. 23  31.3' 
b; 31.4" g; 31" 3g and u. 24 26' 3b; 28.4"' g; 28.2', i; 28" U. 25 43" U;  43.7', g. 
26 40.5" u, 41.6" g; 41.0' i ;  44.5-45.5' p. 27 54' u, 2 and 3h; 53.7" g. 2s 52.1' 2 and 
g; 52" h;  51" u; 52.5" 3h. 2* 63.1" 2; 62.7" g; 62' u and3g; 69.41' 7 and 8. 30 62.0" 
2; 61.4"g; 60.7"i; 6011. 70.1 2; 70.65" g; 6g0u and3g; 69.41" 7 and 8. 32 -20.5' 
5; -19.9" b. 33 -2.0' 5; -10' U. 34 11.0' b; 10.5-11.5' U; a! 11.7', ,¶ 12.3' 5. 

Q 19.2'5; 19.4'7and8; 823.2'5; 24.8'7and8; 24'3g; 25"2; 24 .2"~ .  "25.2" 
5; 25" 1 and m; 28" 2; 27'u. 37 a! 30.4'5; 30.92'7 and 8; j3 32.9" 5; 33.4' 7 and 8; 
34'2; 33.7O u ;  33-34 q;  33'3g. 

From butyl to decyl the melting points of the even alcohols are on a 
slightly higher curve than those of the odd. This seems to continue with 
the higher alcohols but in spite of all our care the accuracy of our measure- 
ments is hardly great enough to make sure of this. 
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We have inserted in our table the melting points of the hydrocarbons as 
given in the literature. I t  is a remarkable fact that the even bromides 
and the hydrocarbons from which they are derived have almost the same 
melting points. I t  may be said that, as far as the melting point is con- 
cerned, a terminal bromine atom has the same effect as a methyl group 

since if the curve for the alkyl 
bromides were moved one space 

70 to the right i t  would almost 
coincide with the hydrocarbon 
curve. In the bromide series 
the alternation is the reverse of 

60 what it is in the others, the 
odd compounds having the high 
melting points. Beginning with 
C13 the odd melt higher than the 
next higher even. 

50 The curve for the acetates is 
4 
i?? 

double since there are two forms 
ha 
.d 
cI for those of Cll, CI3, C16, C16 and 
FI 
8 C18. The melting points of the 
: 40 acetates and the isomeric ethyl 

!! esters are on very similar curves, 
R both showing alternation. The 

differences between the melting 
points of the isomers show alter- 

30 nation but diminish as we go up 
the series; the acetates melt 
higher as far as CIS. For ethyl 

20 palmitate and stearate we ob- 
tained only the low melting 
forms but have plotted the data 
of Phillips and Mumford for the 

10 1 - 1  high. 

0 20 50 80 110 Polymorphism.-From the  
Time in minutes. time-temperature curves of the 

Fig. 3.-Acids. bromides, it is evident that there 
is no polymorphism. A transi- 

tion was observed (Fig. 3) in the odd acids even during their preparation 
When one of these acids in the molten condition is poured into water and 
cooled i t  first forms a solid cake, as the even acids do, but soon this would 
disintegrate with the formation of small, apparently denser, crystals which 
would remain suspended in the water. An uneven acid cooled in a glass 
container breaks away from the walls. 
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The cooling curves for the acids are reproduced in Fig. 2. The transition 
temperature of margaric acid is near its setting point but this interval in- 
creases as we go down the series. 

The polymorphism of the alcohols is shown in their cooling curves. 
Decided arrests were found in the curves of all the alcohols down to 

dodecyl (Fig. 4). A change noticeable to the naked eye took place a t  
this transition; the crystals first 
forming were transparent but at  60 

the transition poir,t the melt be- 
came white and amorphous look- 
ing. For decyl, undecyl and do- 
decyl no arrest was found in the 50 
curve of the dry alcohol, but cool- 
ing the alcohol below zero seemed 
to introduce some impurity, for 
the alcohol would not then give a 
flat cooling curve but supercooled 40 

greatly and would show a peak be- 4 
low the original setting point and 8 
then come down. Alcohols show- $ 
ing this type of curve would also 8 

8 30 show a decided transition point. g 
In the light of Garner, Madden 
and Rushbrooke's experience with 
acids containing a trace of water 
and the author's experience with 20 

wet uneven acids it seems logical 
to suppose that water is the impur- 
ity introduced by the low tempera- 
ture. Thus the presence of the 10 
transition in the curve for these 
alcohols can be explained. The 
transition in the higher alcohols 
cannot be explained in this manner o 
for they had been distilled. If the 

20 50 80 
Time in minutes. 

heat of this transition is less for Fig. 4.-Alcohols. 
lower members of the group, the 
presence of the water might be necessary to make the change rapid enough 
to be noticeable. Malkin gives data only on even alcohols; in this work a 
transition was found not only for the even alcohols: tetradecyl, cetyl and 
octadecyl, but also for the uneven ones: tridecyl, pentadecyl and heptadecyl. 

The acetates proved to be the most interesting compounds studied. 
For cetyl and octadecyl two fusion points were found, while heptadecyl 
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gave only one; but below cetyl it was the uneven acetates which gave two 
fusion points, while the even acetates displayed only one. Only one 
parallel occurrence was found: Francis, Piper and Malkin2 find one crystal 
spacing shown by the uneven acids up to and including pentadecoic and 
by the even acids starting with palmitic. In plotting the fusion points of 

the acetates it seems as though 

30 
the curve for the beta form of 
the acetates of uneven alcohols 
is continued in that of the beta 
form of the  even acetates. 
And, likewise, the alpha form 
for the lower uneven acetates 

20 seems continued in that of the 
alpha form for the higher even 
acetates. The value for hepta- 

a i  
decyl acetate lies on the curve 

5 c for the alpha forms of the even 
.,M aceta tes  t o  whose cooling 

10 
8 curves its cooling curve is simi- 
V1 
a~ lar. But the fusion points of 

B the lower even acetates which 
~2 have the same type of curve 

lie on a curve which is slightly 
0 above the curve for the beta 

form of the uneven acetates. 
The cooling curves for these 

acetates are worthy of men- 
tion. The acetate cools until 

- 10 the alpha form begins to crys- 
tallize. It displays a flat curve 
until the substance is solid and 

10 12 14 16 18 
then cools further, but soon 

Carbon content. the beta crystal begins to form 

Fig. 5.-Melting points of acetates. and the curve will rise to the 
higher fusion point. If the 

melt is disturbed even slightly during the formation of the alpha crystals 
the cooling curve rises to the fusion point of the beta variety (Fig. 6). 
With the alpha form for octadecyl and cetyl there was no supercooling; 
likewise with the acetates having only one fusion point-heptadecyl, tetra- 
decyl, dodecyl and decyl. In order to obtain an accurate value for the 
beta form the melt was seeded with crystals cooled to the temperature 
of carbon dioxide snow on the end of a heavy sealed capillary, but even 
with such seeding and with vigorous stirring there was always consider- 
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able supercooling with the beta varieties for either even or uneven acetates. 
Despite this supercooling it was possible to obtain reproducible values. In 

4 32.05 

&, .- 
+I 
Fi 
8 30.83 
V1 

g 
6 29.51 

20 40 
Time in minutes. 

Fig. 6.-Cooling curve of octadecyl acetate. 

the alpha variety of the uneven acetates there was also decided supercool- 
ing, but no attempt could be made to prevent this since to disturb the 
melt would cause the beta crys- 
tal to form. In spite of this, 
reproducible values for the 30 
fusion points could be ob- 
tained. In this mass of simi- 
larities and dissimilarities only 
an x-ray study can prove con- 
clusively what forms are re- 20 
lated, and whether we have to 
deal here with two forms, alpha 
and beta  as  here used, or ; 

"d whether there may be three, 
M four or even more different 2 10 

crystal spacings. 8 
The ethyl esters combine the $ 

two forms of dimorphism 9 
which have been found in these ~2 

compounds by Smithlo and 0 

Phillips and M u m f ~ r d . ~  Mal- 
kin1" in an x-ray study of ethyl 
and methyl esters found two 
forms for the ethyl esters, ap- 
parently alpha and gamma -10 
forms from his description. 
For the methyl esters he found 
that only those of the odd 
acids showed the two forms. 20 50 80 

The crystals of ethyl palmi- Time in minutes. 
tate and ethyl stearate which Fig. 7.-Acetates. 
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are obtained by crystallizing from alcohol are of the higher melting variety. 
Smith, Phillips and Mumford used these crystals to seed the melt to obtain 
the fusion point of the beta variety. To obtain a true fusion point they 
kept the esters a t  the setting point for a long time until crystallization was 
finally accomplished. With the exception of these two articles there is 

no mention in the literature of the 
lower-melting crystalline form. If 
melting point measurements were 
made i t  would be easy to see why 
this is so because the crystals of 
an ester which had been well solidi- 
fied or had been crystallized from 
ethyl alcohol would be of the beta 
variety. 

In our work great difficulty was 
encountered in obtaining the. set- 
t i n g  points  of these  two e thy l  
esters. With ethyl stearate it was 
easy to obtain a cooling curve for 
the lower melting alpha crystal 
though the curve obtained began 
to fall too soon-and then fell too 
gradually. The lower part of the 
curve was of no value for the beta 
crystal began to form and made 
two successive humps in the curve. 
Phillips and Mumford also speak 
of getting a cooling curve for the 
alpha variety with retardation due 
to the formation of the beta crys- 
tal. The apparatus used by us did 
not permit keeping the ester a t  a 
certain temperature for any length 

20 50 80 
of time so that it was impossible 

Time in minutes. to obtain a fusion point for the beta 

Fig. 8.-Ethyl esters. crystal. With the palmitate i t  was 
difficult to  get a curve for even the 

alpha variety because the two crystals grew simultaneously. The lower 
melting crystal would start to form in long needles in the melt and then 
small clumps of much smaller compact would begin to grow and cause the 
temperature to rise. An inferior curve was thus obtained for the lower 
melting crystal but again it was impossible to obtain a curve for the higher 
melting variety. Since the higher melting point has been studied by many 
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workers it was thought more valuable for our purposes to obtain a value 
for the lower one. In the curves for the uneven esters transitions were 
found in the cooling curves of the solids of ethyl tridecoate, pentadecoate 
and heptadecoate. 

Experimental 
Preparation of Materials.-The compounds were prepared from 22.5 kilos of coco- 

nut oil which was saponified with 40% sodium hydroxide. To 4 kg. of the liberated 
acids, 4 liters of 95% alcohol and 825 g. of calcium chloride and hydrogen chloride gas 
were added and the mixture was heated for thirty-six hours After cooling the aqueous 
layer was siphoned off and 140 g. of calcium chloride and more hydrogen chloride were 
added. After twelve more hours of heat i~g the free acid was usually less than 201, 
The ester layer was well washed with water and then with very dilute ammonia. 

The mixture of esters was fractionated a t  15 mm. a t  first through a simple column 
and then through a precision still of the Peters and Baker" type. The portion boiling 
higher than ethyl myristate was completely hydrogenated at 2 atm. pressure with a 
nickel catalyst. The fractionation was repeated until cuts were obtained which boiled 
constantly. 

I t  was found best to convert the ethyl esters into butyl by heating them in excess 
butyl alcohol containing hydrogen chloride in the pot of a column still until the lower 
alcohol was eliminated. 

The esters were reduced to the corresponding alcohols by a modification of the 
Beauveault and Blanc method.12 The charge was 1.5 moles of the ester, 3 liters of 
butyl alcohol an& 180 g. of sodium. When the reaction was over 160 cc of water was 
added cautiously and the mixture heated for an hour to ensure saponification of any 
ester present. The mixture was cooled to 80° and 1200 cc. more water added. After 
agitation the butyl alcohol layer was separated and washed with two 500-cc. portions 
of 20% brine. To this was added a concentrated water solution of 40 g. of calcium 
chloride The butyl alcohol was driven off by steam distillation and the hot mixture of 
alcohol and calcium soap poured into a large dish. The alcohol was extracted from the 
calcium soap with toluene, larger amounts being required for the higher alcohols. The 
yields of the alcohols were from 81 to 87%. 

The bromides were prepared by passing gaseous hydrobromic acid into the alcohol 
kept a t  140-150' or a t  130" for the lower boiling alcohols. The water formed was car- 
ried over by the excess of the acid which was caught in a cold water trap along with 
some of the alcohol and bromide that were carried over; when no more water seemed to 
be evolved the alcohol-bromide mixture was cooled, poured into a pressure bottle and 
saturated with hydrogen bromide in the cold or a t  its melting point. The bottle was 
closed and heated for an hour a t  150'. I t  is important to push the conversion as far 
as possible since if much of the alcohol is left emulsions are formed. The crude bromide 
was washed with sodium sulfate solution and then with concd. sulfuric acid as long as 
anything was removed, and again with the sodium sulfate solution. The yields were 
84 to 96%. The bromides were further purified by fractionation. This method is an 
adaptation of that used by Moslinger,13 Guthzeit.14 Krafft15 and Adams and Dyer16 
for iodides; and by Ruzicka, Stall and Schinz,17 and Oskerkols for bromides. 

(11) Peters and Baker, Ind. Eng. Chem., 18, 69 (1926). 
(12) Beauveault and Blanc, Comfit. rend., 136, 1676 (1903); 137, 60 (1903). 
(13) Moslinger, Ann.,  186, 49 (1877). 
(14) Guthzeit, ibid., 206, 351-367 (1881). 
(15) Krafft, Ber., 19, 2984 (1886). . (16) Adams and Dyer, J .  Chem. Sac., 127, 70-73 (1925). 
(17) Ruzicka, Stall and Schinz, Helv. Chim. Acla, 11, 670-686 (1928). 
(18) Oskerko, J. Russ. Phys.-Chcm. Soc., 46, 411-416 (1914). 



1584 JANE DICK MEYER AND E. EMMET REID Vol. 55 

The acetates were prepared by the usual method of heating the alcohol with acet- 
anhydride and fused sodium acetate. 

The uneven acids were obtained through the nitriles which were prepared by the 
method of Adams and Marvel,'* heating seventy-two hours to complete the reaction. 
The purified nitrile was saponified by heating for twelve hours in butyl alcohol and 
sodium hydroxide. The butyl alcohol solution was washed with water to remove the 
excess alkali and treated with calcium chloride. The calcium soap was freed from butyl 
alcohol by steam distillation and from water by filtration, dried and then washed with 
toluene until it became fluffy and white. The acids were set free, well washed with hot 
water and converted into their ethyl esters which were then fractionated in the precision 
still. The yield from the bromides to the acids were 85-90%. 

Apparatus 
The tirne-temperature curves were niade by the use of a copper-constantan thermo- 

couple according to the method of Andrews, Kohman and Johnston.20 The container 
for the melt mas an adaptation cf that described by Southard and Andrews.21 A type 
K potentiometer and sensitive galvanometer were used to measure the e. m. f .  Tem- 
peratures below zero centigrade were determined from the scale of Southard and An- 
drew~.~'  For temperatures above 0°C. a scale contained in an unpublished part of the 
dissertation of R. H. Smith of this University was used. The thermocouples were care- 
fully calibrated. The fusion points were checked and rechecked; an accuracy of one 
microvolt was obtained, which is in the neighborhood of 0.02". 

Summary 

The normal primary alcohols from decyl to octadecyl, their acetates 
and the corresponding bromides and also the acids and their ethyl esters 
have been prepared and purified with care. 

The setting points have been determined accurately. The melting 
points of the alcohols do not show detectable alteznation but the bromides 
do. Many of the acetates and ethyl esters show dimorphism. 

BALTIMORE. MARYLAND RECEIVED SEPTEMBER 1, 1932 
PUBLISHED APRIL 6, 1933 

(19) Adams and Marvel, Tms JOURNAL, a, 299 (1920). 
(20) Andrews, Kohman and Johnston, J. Phys. Chem., 49, 914 (1925). 
(21) Southard and Andrews, J. Franklin Inst., 407, 3, 323-339 (1929). 
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[CONTRIBUTION NO. 107 FROM THE COBB CHEMICAL LABORATORY, UNIVERSITY OF 
VIRGINIA] 

Studies on Unsaturated 1,4-Dicarbonyl Compounds. VIII. 
Some New Derivatives of Dimethylfumaric Acid 

BY ROBERT E. LUTZ AND ROBERT j. TAYLOR" 

The substitution of two methyl groups in fumaric and maleic acids 
markedly alters the ease and in some cases the direction of rearrangement; 
for instance, maleic and citraconic acids with catalysts are rearranged into 
the trans isomers, but dimethylfumaric acid goes readily to dimethyl- 
maleic anhydride under analogous conditions.' This paper deals with 
some related studies which were made preliminary to the synthesis of 
aryl dimethyl unsaturated 1,4-diketones and ketonic acids.2 

Dimethylfumaryl Chloride (II).-Dimethylfumaric acid (I) forms a 
normal di-acid chloride (11) which is hydrolyzed rapidly and quantitatively 
back to the trans acid, reacts with methanol to give the diester (V) and 
with aniline to give the dianilide, and undergoes the Friedel and Crafts 
reaction to give dike tone^.^ When it is heated with aluminum chloride 
a t  100' it  is rearranged completely into the cis acid chloride (111) which is 
known.3 Heating without catalyst a t  boiling temperature also brings 
about this rearrangement, although considerable decomposition occurs as 
well. 

C1 
CH, -C -COOH Peli CHa--C -COCl at  100 ') or CH~--c- -c'c~ 

)1 
-.-& ll -- 

E120 (reflux on oil-bath) 11 >. 
HOCO---C-CH3 +- ClCO- -C-CH3 at 220-230') CH,- C- CO 

I I1 I11 

The inversion of the trans acid chloride to the czs may be regarded as 
evidence that the latter has the dichlorocrotolactone structure (111), 
since this formulation would account for the rearrangement in terms of 
cyclization as the driving force. The energy change in inversion of the 
configuration alone, without other change in the molecule, would be 
expected to be very small but negative, and should lead if anything to 
rearrangement in the opposite direction (from cis to trans) as it does in the 
various inversions of maleic and citraconic acids and the unsaturated 1,4- 
diketones and ketonic esters. The easy rearrangement of dimethylfumaric 
acid to dimethylmaleic anhydride is obviously due to the formation of a 
stable ring as the driving force,'" and is therefore analogous. 

The cis acid chloride4 in contrast with the trans isomer reacts relatively 
* Du Pont de Nemours Fellow, 1931-1932. 
(1) Cf. (a) Fittig, Ber., 29, 1842 (1896); (b) Mttig and Kettner, A m ,  304, 156 (1898); (c) Ott, 

Ber., 61, 2124 (1928). 
(2) Lutz and Taylor, Tars JOURNAL, 55, 1593 (1933). 
(3) (a) Otto and Holst, J .  prakl. Chem., [2] 42, 72 (1890). Cf. the rearrangement of dibromo- 

fumaryl chloride; (b) Ott, Ann., 898, 270 (1912). 
(4) Cf. also citraconyl chloride; Lutz and Taylor. THIS JOURNAL, 56, 1168 (1933). 
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very slowly with water, a phenomenon which might possibly be accounted 
for on the basis of the cyclic formulation (111). 

The Monoalkyl Acid Esters and Ester Chlorides.-The monomethyl 
acid ester (IV) is best obtained by the partial hydrolysis of the dimethyl 
ester (V) in dilute methanol with alkali, but when this reaction is carried 
out in ethanol-ether mixtures, displacement of methyl occurs and the 
mono-ethyl acid ester (VII) is obtained in good yield. The acid methyl 
ester may be prepared also, though in poorer yields, by partial esterifica- 
tion of the acid (I). 

The monoalkyl ester acid chlorides (VI) are readily prepared from the 
acid esters by the action of phosphorus pentachloride, but are obtained in 
only very small yield by partial alcoholysis of the di-acid chloride. They 
are easily hydrolyzed back to the corresponding alkyl acid esters, are 
alcoholized to the diesters (V), react with aniline to give mono-anilides 
(VIII), and undergo the Friedel and Crafts reaction to give trans-aroyl- 
dimethylacrylic esters (X) .2 

The monomethyl ester mono-acid chloride (VI) is converted into di- 
methylmaleic anhydride with the loss of methyl chloride by heating with 
an excess of aluminum chloride a t  100'. This reaction is analogous with 
the rearrangement of dimethylfumaryl chloride to the cis isomer, and with 
the dehydration of dimethylfumaric acid to the cis anhydride. The forma- 
tion of the hypothetical cis-($)-dimethylmaleic monomethyl ester mono- 

( CHsOH-HzSO~) 

CHaCCOOH 
NaOH 

II 

CH30H 

ClCOCCHs 
I1 

CHaOCOCCHs CHsC- 0 CH3OCOCCHs 
VIII X 

NaOH-Alcohol 
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/OCHI 
CHI-C-C-Cl 

acid chloride, / /  )o , as an intermediate in the reaction, is 

CHs--C-CO 
possible. 

Addition and Inversion.--Auwers6 found that the hydrolysis of di- 
methylfumaric dimethyl ester with alcoholic alkali at room temperature 
gives regularly dimethylmaleic anhydride, but Curtius and Miiller6 using 
aqueous sodium hydroxide got normal hydrolysis without inversion of the 
configuration. 

In the course of a number of experiments we have found also that  both of 
the diesters and the monomethyl acid ester undergo rearrangement during 
hydrolysis in alcohol in which the water content is minimized; but invari- 
ably in dilute alcohol containing as much as 40% of water, nearly quantita- 
tive yields of dimethylfumaric acid are obtained with no detectable amounts 
of inversion or addition products. These rearrangements must occur 
during hydrolysis and not subsequently, since dimethylfumaric acid itself is 
stabIe under these conditions. 

In the partial hydrolysis of dimethylfumaric dimethyl ester using one 
equivalent of sodium methylate in a methanol-ether mixture, the main 
product proved to be dimethylmethoxysuccinic monomethyl ester (XI), 
a compound formed obviously by the 1,4-addition of sodium methylate to 
the unsaturated system7 with simultaneous hydrolysis of one of the two 
carbomethoxyl groups. The structure of the addition compound, except 
for the position of the methoxyl relative to the free carboxyl, was shown 
by hydrolysis to dimethylmethoxysuccinic acid (XII) and by subsequent 
pyrolysis to give dimethylmaleic anhydride. Small but significant 
amounts of dimethylmaleic anhydride and dimethylfumaric monomethyl 
acid ester (IV) were obtained as by-products of this reaction, but no di- 
methylfumaric acid. 

CHICCOOCH~ CHI-CH-COO CH-CHCOOH 

1 NaOCHs I ) H, CHI NaOH> 
CH~OCOCCH, CH30H-Ether CH3-c-CO0 

/ 
I 

CHa-CCOOH 
V 1- CHBO XI1 

CHs-C-COOH NaOCH8 CH3C-CO 

/I CHIOH-Ether 
200 " 

______j 
CHsOCO--C-CH8 

il >.- 
CHaC-CO 

In these hydrolytic reactions the reagent responsible for inversion, re- 
placement of methyl by ethyl, and addition, must be sodium alcoholate 

(5) Auwers, Ber., 62, 1678 (1929). 
(6) Curtius and Miiller, ibid., 31, 1272 (1904). 
(7) Dimethyl fumarate undergoes this reaction readily in the presence of a trace of sodium methy- 

late. (a) Perdue and Marshall, J. Chem. Soc., 59,468 (1891). Cf. also (b) Claisen and Crismer, Ann., 
218, 143 (1883); (c) Liebermann, Ber., 26, 1876 (1893); Hinrichsen, Ann., 336, 202 (1904); etc. 
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(rather than sodium hydroxide) because these reactions occur only in 
alcohol or alcohol-ether mixtures in which the effective alcoholate con- 
centration is relatively high. Furthermore, a carbomethoxyl group is 
involved because dimethylfumaric acid in which this group is absent is 
stable under similar conditions. I t  seems unlikely that inversion of the 
configuration in the hydrolytic reactions involves actual addition of 
methanol to the ethylene linkage because such addition compounds are 
known and do not decompose easily. It is of course possible that of the 
two theoretically possible diastereoisomeric addition compounds, one 
might decompose much more easily than the other to lose the addenda 
and thus lead to inversion; or that an intermediate 1,4-addition product 
might be so unstable as to decompose similarly rather than undergo re- 
arrangement into a stable dimethylsuccinic acid derivative. We are led 
to suggest another possible mechanism involving the addition of sodium 
methylate to a carbonyl group, followed by cyclization as the driving 
force in rearrangement, in which case possibly the cis di- or mono-alkyl 
esters are intermediates if the cyclic dihydroxylactone formulas suggested 
by Anschiitz8 are correct. In the illustration below inversion is shown as 
preceding hydrolysis, although partial hydrolysis might equally well take 
place first. 

OCHa 
CH-C-COOHa ' cH~-C-CLOCH~ 

v 
CH8-C-CO CHa-C-CO 

NaOCHa or Hydrolysis 
CH-C-CO 

CHaOCO--C-CHa 
I 

The Ani1ides.-Dimethylfumaryl chloride and the monomethyl and 
ethyl ester mono-acid chlorides react immediately in ether solution with 
aniline to give in each case the corresponding anilides. The two mono- 
alkyl ester monoanilides both undergo partial hydrolysis in ethanolic 
alkali to the same monoanilide of dimethylfumaric acid (XVII). In the 
case of the monomethyl ester monoanilide (VII), curiously, although an 
excess of alkali was used, hydrolysis went only part way, but the methyl 

CHaCCONHCeH6 CHaCCONHCeHs CHaCCONHCeHs 
11 I /  NaOH 11 
II II - 

CH~OCOCCHI CaHsOCOCCHa 
1 

HOCOCCHa 
VIII I XVI 4 4 XVII 

(8) Anschiitz, Ann.. 964, 168 (1889); 461. 155 (1928). See also Ref. 6. 
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group was replaced by ethyl in the unhydrolyzed material. The dianilide 
was slowly hydrolyzed when boiled with alcoholic alkali, yielding, however, 
dimethylmaleic anhydride. 

Experimental Part 
Dimethylfumaric acid was prepared according to 0tt.I' A few typical runs on the 

inversion of dimethylmaleic anhydride are summarized in the table. 

Time of heating, % Yields of 
No. of runs Temp., OC. hrs. A B C 

5 180 45-48 50-60 2339 9-12 
3 180 64-72 32-44 38-43 11-14 
4" 189-190 44-64 27-40 41-46 13-18 
A, Dimethylmaleic anhydride; B, dimethylfumaric acid; C, methyl itaconic acid 
" Two of these runs started with methyl itaconic acid. 

At 180°, sixty-five to seventy hours is required to establish equilibrium and a some- 
what shorter time, forty-five hours, a t  190'. 

0.2 g. of the acid was allowed to stand for forty-one hours in 7 cc of absolute 
methanol and 2.7 cc. of absolute ether containing 0.1 g. of dissolved sodium; 0.15 g. of 
the acid was recovered and identified, and no trace of dimethylmaleic anhydride was 
detected. 

Dimethylfumaric dimethyl ester (V)6 was prepared by adding 50 g. of dimethyl- 
fumaryl chloride dropwise with stirring to 25 cc. of absolute methanol over a period of 
one hour. A nearly quantitative yield of the ester crystallized on cooling (47.3 g ). 

One gram of the dimethyl ester was allowed to stand overnight in 15 cc. of 60% 
methanolic sodium hydroxide (2 equiv.). The solution was then further diluted with 
water and extracted with ether. The aqueous solution of the sodium salts was then 
acidified, and the product isolated by extracting with ether; yield 0.78 g. (93%) of 
nearly pure dimethylfumaric acid. 

Dimethylfumaryl Chloride (II).-Dimethylfumaric acid (168 g.) was allowed to 
react with 486 g. of phosphorus pentachloride. The mixture of acid chloride and phos- 
phorus oxychloride was separated by two fractional distillations a t  20 mm. using a 
61-cm. Vigreux column; 193 g. of dimethylfumaryl chloride was obtained (91.5%) 
(together with an end fraction of 2.7 g. of dimethylmaleic anhydride; (b. p. 100-105' 
a t  8 mm.)). The acid chloride is a nearly colorless oil; b. p. 79.5" a t  22 mm. 

Anal. Calcd. for CsHaOzC12: C, 39.79; H, 3.34. Found: C, 39.58; H, 3.24. 
A sample of the acid chloride was hydrolyzed with water, on standing for twenty- 

four hours or shaking for one to two hours, to give the acid in quantitative yield. 
Dimethylfumaric dianilide, CeH6NHCOC(CHs)=C(CHs)CONHC6H6, was prepared 

by adding the di-acid chloride to an absolute ether solution of 4 equiv. of aniline; yield 
from 0.95 g. of acid chloride was 1.8 g.; cryst. as twinned rectangular prisms from 
ethanol; m. p. 267" (corr.). 

Anal. Calcd. for c18H18N202: C, 73.47; H, 6.17. Found: C, 73.55; H, 6.17. 
A small sample was boiled in dilute alcoholic sodium hydroxide for five hours. I t  

was diluted with water and extracted with ether, from which, by extracting with hy- 
drochloric acid, a solution of aniline was obtained which gave a characteristic precipitate 
with bromine. The aqueous solution of sodium salts was acidified and extracted with 
ether, from which dimethylmaleic anhydride was recovered by steam distillation. 

Rearrangement of Dimethylfumaryl Chloride.-Two grams of the acid chloride 
was heated with 3.7 g. of anhydrous aluminum chloride a t  100' for two and one-half 
hours. The mixture was hydrolyzed by allowing it to stand in water overnight. The 
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products were extracted with ether. Steam distillation of the solid residue gave 0.65 
g. of dimethylmaleic anhydride (47%). From the aqueous residue 0.1 g. of dimethyl- 
fumaric acid was recovered. The crude mixture containing the cis acid chloride was 
only partly hydrolyzed when shaken violently (machine) with water for four hours. 

In  a similar experiment a sample of dimethylfumaryl chloride was refluxed on an oil- 
bath (200-230 ") for one and three-tenths hours. Some decomposition occurred, and a 
considerable yield of dimethylmaleic anhydride was isolated upon hydrolysis. 

The Acid Esters of Dimethylfumaric Acid.-In the partial hydrolysis of the diester 
and the partial esterification of the acid, a convenient method of separating mixtures of 
the di-acid, monomethy! acid ester, and dimethyl ester, was followed; ether extraction 
of an alkaline solution removed the diester; acidification and a second ether extraction 
removed the acidic constituents which were isolated upon evaporation of the solvent; 
the acid ester was extracted from the insoluble dimethylfumaric acid by means of boiling 
ligroin from which it crystallized on cooling. 

In the esterification of dimethylfumaric acid the two alpha methyl groups lower 
appreciably the rate of esterification, as was shown b j  comparing the low yields of acid 
ester and dimethyl ester from esterification in boiling 4% methanolic hydrogen chloride, 
with the better yields of the corresponding mesaconic acid derivatives obtained by 
Anschiitz under similar conditions.9 

Dimethylfumaric Monomethyl Acid Ester (IV).-The dimethyl ester (33.5 g.) was 
dissolved in 200 cc. of 95% methanol containing 11.2 g. of potassium hydroxide and al- 
lowed to stand for twenty hours. The mixture was diluted with water and the prod- 
ucts separated as described above; yields, 5.5 g. (16.5%) of dimethyl ester, 17.5 g. 
(61 %) of monomethyl ester, and 0.5 g. (2y0) of dimethylfumaric acid; cryst. as needles 
from ligroin in which it is moderately soluble hot; m. p 81 (corr.). 

Anal. Calcd. for C7HloO4: C ,  53 14; H, 6 38. Found: C, 53.13; H, 6.30. 
A small san~ple of the monomethyl ester was treated with a slight excess of 2 equiva- 

lents of sodium dissolved in 2 5 parts of absolute alcohol and 0.8 part of dry ether, and 
allowed to stand for forty-one hours. An oily product (acidic) was obtained, from which 
a small yield of dimethylmaleic anhydride was isolated and identified. Hydrolysis in 
dilute alcohol gave dimethylfumaric acid in good yield. 

Partial Esterification of Dimethylfumaric Acid.-A solution of 25 g. of dimethyl- 
fumaric acid in 100 g. of 4% absolute methanolic hydrogen chloride was refluxed for 
one hour, and was then decomposed in ice and sodium carbonate, and the products 
extracted and separated as described above; yields, 0.75 g (2%) of the dimethyl ester, 
3.4 g. (15%) of acid ester, and 11.6 g. (46y0) of unchanged acid. 

In another experiment 25 g. of the acid was allowed to stand for eighteen hours in 
saturated methanolic hydrogen chloride solution; yields, 6.5 g. (22y0) of dimethyl 
ester, 8.89 g. (32%) of acid ester, and 4.5 g. (18y0) of unchanged acid. 

Partial alcoholysis of dimethylfumaryl chloride in benzene with one equivalent of 
methanol gave a mixture of products which consisted largely of diester and unchanged 
material and a small amount of mono-acid chloride monomethyl ester. The mixture was 
not easily separated and the mono-acid chloride was not isolated, but it was shown to be 
present by a Friedel and Crafts reaction on the mixtures, which gave small yields of 
trans-benzoyldimethylacrylic acid and dimethylfumaric monomethyl acid ester, both of 
which were derived from the mono-acid chloride. 

Dimethylfumaric Monomethyl Ester Mono-acid Chloride (VI).-The acid ester 
(22.7 g.) and 31 g. of phosphorus pentachloride reacted to give a liquid mixture which 
was fractionally distilled a t  20 mm.; yield of pure acid chloride, 20 g. (79%); colorless 
oil; b. p. 90-91 (corr.) a t  20 mm. 

(9) Anschiitz, Ann., 363, 139 (1907). 
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Anal. Calcd. for C~H~OZCI: C, 47.58; H, 5.14. Found: C, 47.14, 47.06; H, 
5.89, 5.04. 

One gram of the acid chloride was added to methanol; 0.72 g. of the dimethyl ester 
crystallized on cooling. 

One gram reacted in less than two hours with water, from which on cooling 0.85 g. 
(95%) of monomethyl acid ester was isolated 

One-half gram of the acid chloride was heated a t  100 O with 2 g. of aluminum chloride 
for three hours. Gas evolution took place. The mixture was hydrolyzed and extracted 
with ether, which on evaporation and steam distillation gave 0.16 g. (32%) of dimethyl- 
maleic anhydride. 

Dimethylfumaric Monomethyl Ester Monoanilide jVIIlj.-Prepared by the action 
of the monomethyl ester monochloride on aniline in dry ether; cryst. slowly as micro- 
scopic scales from benzene and ligroin (requires careful seeding); m. p. 74-75 " (corr.). 

Anal. Calcd. for C ~ ~ H I ~ O ~ N :  C, 66.91 ; H, 6.44. Found: C, 66.79; H, 6.45. 

Dirnethylfumaric Acid Monoanilide (XVII).-The above monomethyl ester mono- 
anilide (0.6 g.) was hydrolyzed with the calculated amount (1 equiv.) of sodium hydrox- 
ide in 5 cc. of 85% ethanoI (forty-one hours standing) and gave an alkali-insoluble frac- 
tion (0.22 g. 36%) of m. p. 119-120°, identified as the corresponding monoethyl ester 
monoanilide. The hydrolyzed portion (alkali soluble), 0.36 g., (61%) crystallized from 
ether and ligroin; m. p. 195" (corr.). 

Anal. Calcd. for C1eHlr08N: C, 65.76; H, 5.98. Found: C, 65.95; H, 6.04. 
Dimethylfumaric Monoethyl Acid Ester (VII).-Dirnethylfumaric dimethyl ester 

(47.3 g.) was treated with a solution of 6.6 g. of sodium in 350 cc. of 95% ethanol and 120 
cc. of ether. The solution was allowed to stand for twenty-four hours and was then di- 
luted with water and the ether layer separated, from which an oily di-ester (4.3 g.) was 
recovered and identified by hydrolysis to dimethylfumaric acid. The aqueous solution 
of the sodium salts was acidified and extracted with ether. After drying over sodium 
sulfate, the ether was evaporated and the oily residue distilled a t  5 mm.; 2.3 g. (b. p. 
84-86 ") of dimethylmaleic anhydride, and 29.1 g. (b. p. 124-129 ") (61.5y0) of mono- 
ethyl ester of dimethylfumaric acid, were isolated and identified; 1.8 g. of dimethyl- 
fumaric acid was recovered from the residue in the distilling flask. The monoethyl 
ester is a colorless oil of b p. 118' a t  1 mm. 

Anal. Calcd. for C$H1204: C, 55.78; H, 7.03. Found: C, 54.75, 54.85; H, 6.94, 
6.89. 

A sample was hydrolyzed on standing for thirty-six hours ina 10 yo solution of sodium 
carbonate, in which it dissolved easily t i t h  evolution of carbon dioxide. The mixture 
was distilled, and the ethyl alcohol liberated was converted into iodoform and identified 
by a mixed melting point. A test for methanol was negative. 

One gram of the monoethyl ester was hydrolyzed by standing overnight in 10 cc. of 
a solution of one equivalent of sodium hydroxide in 50% ethanol; 0.83 g. of nearly pure 
dirnethylfumaric acid was recovered and identified. 

Dimethylfumaric Monoethyl Ester Mono-acid Chloride, C~H~OCOC(CHS)=C- 
(CHa)COCl.-The monoethyl ester (21 g.) was allowed to react directly with one equiva- 
lent of phosphorus pentachloride. The resulting liquid products were fractionally dis- 
tilled a t  15 mm. using a 38-cm. Vigreux column; yield 20.7 g. (89%) of nearly pure acid 
chloride; colorless oil, b. p. 90-91" a t  14 rnm. 

Awl .  Calcd, for C~HJIOSC~: C, 50.38; H, 5.82. Found: C, 49.93, 50.04; H, 
5.72, 5.39. 

Upon hydrolysis in 60% alcoholic potassium hydroxide, a nearly quantitative yield 
of dimethylfumaric acid was recovered and identified. 
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Dirnethylfumaric Monoethyl Ester Monoanilide (XVI).-Prepared from the mono- 
ethyl ester monochloride with aniline in dry ether; yield 0.7 g. from 0.6 g. of acid chlo- 
ride; cryst. as thin rectangular scales from benzene and ligroin, m. p. 121.5-122' 
(corr.) . 

Anal. Calcd. for ClaHliOsN: C, 68.00; H, 6.94. Found: C, 68.10; H,  6.90. 

Hydrolysis of 0.1 g. with 1 equiv. of sodium in 2 cc. of 85% ethanol (forty-one hours 
standing) gave 0.08 g. of unchanged material and 0.015 g. of dimethylfumaric acid mono- 
anilide which was identified. 

1,2-Dimethylmethoxysuccinic Monomethyl Acid Ester (XI).-Dimethylfumaric 
dimethyl ester (37 g.) was allowed to stand for thirty-eight hours in a mixture of 250 cc. 
of absolute methanol and 100 cc. of commercial anhydrous ether, containing 5.3 g .  of 
dissolved sodium. The solution was diluted with water and extracted with e.Lher, from 
which 6.3 g. of a colorless oil was obtained on distillation a t  2 mm. pressure (b. p. 70- 
80"). By oversight this oil was not investigated. It probably contained unchanged 
dimethylfumaric dimethyl ester and dimethylmethoxysuccinic climethyl ester. The 
aqueous solution of sodium salts was acidified and extracted with ether and the prodzcts 
distilled a t  2 mm.; the first fraction, b. p. 75-80", solidified and was identified after 
recrystallization as dimethylmaleic anhydride. More was isolated from the second and 
third fractions, which consisted largely of dimethylfumaric monomethyl ester. The 
separation was made by extracting the mixture with dilute sodium carbonate solution 
and filtering quickly before the dimethylmaleic anhydride dissolved. The mono- 
methyl ester was recovered from the filtrate. The fourth fraction proved to be nearly 
pure dimethylmethoxysuccinic monomethyl ester; colorless oil; b. p. 130-131 " a t  2 mm. 

Anal. Calcd. for CaHlrOa: C, 50.50; H, 7.42. Found: C, 50.79; H,  7.26. 

1,2-Dimethylmethoxysuccinic Acid (XII).-The monomethyl ester (1 g.) was 
dissolved in 10 cc. of 60% alcoholic sodium hydroxide (one equiv.) and allowed to stand 
for twenty hours. The mixture was diluted with water, washed with ether, and the 
aqueous layer acidified and extracted with ether, from which an oil was isolated on sub- 
sequent evaporation. The oil, taken up in benzene, deposited 0.2 g. of crystals; cryst. 
from benzene, m. p. 133.5" (corr.). 

Anal. Calcd. for C7H~05: C, 47.70; H, 6.87. Found: C, 47.86; H, 6.88. 

Pyrolysis.-The acid (0.04 g . )  was heated to ZOO0 in a small test-tube immersed 
in an oil-bath. On cooling, 4 drops of water was added and the mixture distilled. A 
small amount of dimethylmaleic anhydride solidificd in the delivery tube and was iden- 
tified by a mixed melting point. 

Summary 

A number of new derivatives of dimethylfumaric acid and its mono- 
methyl and ethyl acid esters are described. Rearrangement of the trans 
configuration to the cis, addition, and replacement of methyl by ethyl, 
under the influence of alkali, are discussed. 
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Studies on Unsaturated 1,4-Dicarbonyl Compounds. IX. 
Aryl Unsaturated 1,4-Diketones and Ketonic Acids 

Derived from Dimethyl Maleic and Fumaric Acids 

This paper deals with the synthesis and preliminary study of a new 
series of coinpounds which should yield diastereoisomeric reduction 
products. A study of the stereochemistry of reduction is in progress in this 
Laboratory and will be treated in a later paper. 

Cis-P-benzoyldimethylacrylic Acid (II).--The Friedel and Crafts 
reaction on dimethylmaleic anhydride gives cis-benzoyldimethylacrylic 
acid (11) in good yield as the sole product. The configuration must be cis 
corresponding with that of the starting material, because the isomer (ob- 
viously the trans) is obtained exclusively in a synthesis from dimethyl- 
fumaric acid, and because the acid chloride (111) does not give any detect- 
able amount of a diketone in the Friedel and Crafts reaction, in contrast 
with the trans isomer which behaves normally in this respect. 

/C1 

I I1 111 

The methyl ester is easily made and is hydrolyzed to the acid again in 
good yield. I t  is quite stable in solution toward iodine and sunlight, and 
cannot be prepared from the trans isomer by the action of sunlight alone. 
The configurations of these dimethyl compounds, then, are relatively 
stable as compared with those of the unsubstituted aroyl acrylic esters. 

Trans-p-benzoyldimethylacrylic Acid (VI).-Trans-benzoyldimethyl- 
acrylic methyl and ethyl esters (V) were obtained as the sole products of the 
Friedel and Crafts reaction on the corresponding acid chlorides of di- 
methylfumaric monoalkyl acid esters (IV). Hydrolysis of these esters in 
dilute alcohol gives the corresponding trans acid exclusively, no trace of the 
cis isomer being found. The trans acid is easily esterified, and gives a 
normal acid chloride (XVII) which undergoes the Friedel and Crafts reac- 
tion to give the expected diketone (XV), although in poor yield. The 
trans configuration follows from these relationships. 

CHIOH 
CH3-C-COC1 CH3-C-COC6H6 H C ~  CH3-C-COC6H6 

AlC13 /I - +-- 
NaOH 

CH~OCO--C-CH~ 
/I 

C6H6 CH30CO--C-CH3 -> HOCO-C--CHs 
IV V VI 

(*) Du Pont de Nemours Fellow, 1931-1932. 



Inversion from Trans to Cis.-Trans-benzoyldimethylacrylic methyl 
ester is hydrolyzed with sodium methylate in methanol, to give exclusively 
the cis acid, although in poor yield. This inversion is analogous with that 
of dimethylfumaric dimethyl ester during hydrolysis under similar condi- 
t i o n ~ . ~  The change apparently takes place during or preceding hydrolysis 
because the trans acid, once formed, is stable under these conditions. 
The 1,4-addition of sodium methylate might occur as an intermediate 
step; but compounds resulting from such additions are known2 and do not 
lose methanol easily except a t  elevated temperature. Another possible 
mechanism, as outlined in the following diagram, involves the addition 
of sodium methylate to one or both of the carbonyl groups, followed by 
cyclization (the driving force causing inversion) and hydrolysis; this would 
explain the direction of rearrangement, which is opposite that which might 
be expected on the basis of the generaily greater stability of trans forms. 

VIII  or - 

VII I X  XI 

The y-hydroxy crotolactone formulas (VIII, IX, XI) are analogous with 
the Anschiitz formulas for maleic acid and ester types,3 and the cyclic 
formulation of maleil and cis aroyl acrylyl chlorides4 and the various 
lactonic forms of some substituted aroyl acrylic acids and esters.4d A 
choice between the two formulations of cis-benzoyldimethylacrylic acid 
might possibly be made in favor of the cyclic type (XI) on the basis of 
the slow rate of solution of the acid in cold sodium bicarbonate, as con- 
trasted with the rapidity with which the trans isomer dissolves under 
these conditions. 

P-(2,4,6-Trimethylbenzoy1)-dimethylacrylc Acid. XI1.-A trirnethyl- 
benzoyldimethylacrylic acid (XII) is obtained in good yield in the Friedel 
and Crafts reaction on dimethylmaleic anhydride, but this same acid is 
also obtained by hydrolysis of the methyl ester which was made similarly 
from dimethylfumaric monomethyl ester mono-acid chloride (IV). Both 

(1) (a) Auwers, Bey., 62, 1678 (1929): (b) Lutz and Taylor, THIS JOURNAL, 66, in press (1933). 
(2) 1. e. ,  1,2-dibenzoylmethoxyethane; Lutz, THIS JOURNAL,  61,3008 (1929); dimethylmethoxy- 

succinic acid (Ref. lb) ,  cf. discussion (Ref. lb). 
(3) Anschiitz, Ann., 264, 168 (1889); 461, 155 (1928). See also Ref. la. 
(4) (a) Lutz, Tnrs JOURNAL, 62, 3405 (1930); (b) Lutz and Taylor, ibid , 66, 1168 (1933). (c) 

Ott. A n n ,  391, 270 (19121, (dl Allen and Frame, Canadian J .  Reseau~h, 6 ,  605 (1932). 
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acid and ester must correspond in configuration since they can be con- 
verted one into the other by hydrolysis and esterification, involving condi- 
tions under which inversion is unlikely. 

Obviously in one of these two Friedel and Crafts reactions rearrange- 
ment has occurred; there is ample analogy for supposing an inversion from 
cis to trans in the reaction between citraconic anhydride and mesitylenell 
and in all of the Friedel and Crafts reactions on maleic anhydride i t ~ e l f ; ~  
on the other hand, there is no such analogy for the reverse rearrangement 
from trans to cis. The configuration of this trimethylbenzoyldimethyl- 
acrylic acid, then, is very probably trans. A study of the acid chloride 
failed to yield pertinent information. 

The Dimethyl Unsaturated 1,4-Diketones (XV).-The trans aryl 
unsaturated 1,4-diketones are prepared in good yield by the Friedel and 
Crafts reaction on dimethylfumaryl chloride (XIV). The dibenzoyl 
derivative is obtained also, though in poor yield, from trans-benzoyldi- 
methylacrylyl chloride (XVII). The preparation of the cis isomers (XVI) , 
however, proved extremely difficult, and was not accomplished in the 
case of the dibenzoyl derivative. Curiously the trans-di-trimethyl- 
benzoyl derivative, the most difficult to isomerize in the unsubstituted 
series1

6 was partially isomerized in very poor yield by the action of sun- 
light on a benzene solution. The structure of this cis isomer was shown by 
reduction to the same products obtained from the trans isomer. It proved 
to be stable, however, and did not rearrange back to the trans isomer under 
the influence of iodine and sunlight. I t  is decomposed when treated 
with aluminum chloride in carbon disulfide, whereas the trans isomer is 
stable under these conditions. The configuration of the trans isomer is 
clear from its synthesis, and that of the cis isomer from its mode of forma- 
tion from the trans by the action of sunlight. 

The 1,6-Addition of Hydrogen to the Dimethyl Unsaturated 1,4- 
Diketones.-The dimethyl unsaturated 1,4-diketones are reduced easily 
with zinc and acetic acid to give mainly the furan (XIX). One of the 
two theoretically possible stereoisomeric saturated 1,4-diketones (XVIII) 
was isolated also in the case of the reduction of the di-trimethylbenzoyl 
derivative; i t  proved to be stable under the conditions of the reduction 

( 5 )  Lutz, THIS J O T ~ N A L ,  62, 3423 (1930). 
(6) Conant and Lutz. ibid.. 46, 1303 (1923). 



3- -COCl AICL CHsC-COAr Sunlight 

cH F d I /  - 
ArH Il 

ClCO-C-CH3 -+ ArCO-C--CH, 
cH3-i-c0Ar CH,-C-COAr 

X I V  XVI 

Zn + AcOH - (By product) 
2 
4: 

CH3-C-COCI ACZO CH3-C--C-CH3 
HeS04 

ArCO-C-CH3 

XVII XVIII 
Ar = aromatic radicai, phenyi or mesityi. 

XIX 

as was shown in a separate experiment; but i t  was very easily converted 
into the furan by treating with acetic anhydride and a trace of concd. sul- 
furic acid. The saturated 1,4-diketone is not an intermediate in the reac- 
tion since it is stable under these conditions. The formation of the furan 
can best be accounted for by the spontaneous dehydration of an inter- 
mediate dienol, ArC(OH)=C(CH3)C(CIIj)=C(OII~Ar, XX, which is 
postulated in the theory of 1,6-addition of hydrogen to unsaturated 1,4- 
dicarbonyl types. A full discussion of this evidence has been given in an 
earlier paper.7 The fact that both the cis and trans isomers are reduced 
to the same products (the furan and only one of the two possible saturated 
l,4-diketones) in almost exactly the same mtio,  would be difficult to explain 
on the basis of simple addition of hydrogen to the ethylene linkage, but is 
easily accounted for by assuming the intermediate dienol (XX) in which 
the double bond responsible for the stereoisomerism has been destroyed. 

Experimental Part 
Dimethyl Unsaturated l,4-Ketonic Acids 

Cis-2-benzoyl-1,2-dimethylacrylic Acid (II).-The Friedel and Crafts reaction 
with benzene on dimethylmaleic anhydride in benzene as the solvent gave difficultly 
hydrolyzable amorphous products containing aluminum. Using carbon disulfide this 
difficulty was largely eliminated. 

Five grams of dimethylmaleic anhydride was added slowly to a well-stirred sus- 
pension of 10.6 g. of anhydrous aluminum chloride in 25 cc. of benzene and 25 cc. of 
carbon disulfide. The red reaction mass was heated for one and one-half hours on the 
steam-bath. The carbon disulfide layer after hydrolysis in ice gave upon evaporation 
4 g. of nearly pure cis acid (49%) : cryst. from chloroform; sol. in benzene and hot water; 
m. p. 94" (corr.); dissolves slowly in cold sodium bicarbonate solution, but rapidly in 
sodium carbonate; precipitated by acid. 

Anal. Calcd. for Clz13~zO~: C, 70.55; 13, 5.92. Found: C, 70.72; H, 6.88. 

A sample of the cis acid, exposed to direct sunlight for three days in chloroform with 

(7) Lutz, THIS JOURNAL, 51, 3008 (1020). 
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iodine, was recovered quantitatively unchanged. Using bromine instead of iodine, only 
unchanged material and non-crystalline resinous by-products were isolated. 

The acid chloride was prepared by the action of the calculated amount of phos- 
phorus pentachloride on the cis acid. It was a viscous yellow oil which decomposed 
in attempting distillation tinder reduced pressure. It hydrolyzed easily t o  the cis acid 
011 standing with water. The Friedel and Crafts reaction on a sar~lple of the oil gave 
only resinous products from which in one case a small sample (0.05 g.) of a n  unidentified 
solid of m. p. 211 " was isolated. Varying conditions did not give better results. 

Cis-2-benzoyl-1,2-dimethylacrylic Methyl Ester, CBHICOC(CH~)=C(CH~)COO- 
CII5.-A sob~tien of 12 g. of cis acid in 25 cc. of absolcte methanol satwated with hydro- 
gen chloride was allowed to stand overnight, and was then decomposed in ice and sodium 
carbonate and extracted with ether. The ether solution, dried over potassium carbon- 
ate, was evaporated. The bulk of the residual oil distilled at  163-164' (9 mm.) in a 
yield of 10.3 g. (7779, and solidified on cooling: cryst. from 70% ethanol, m. p. 53" 
(corr.). 

Anal. Calcd. for C13H1403: C, 71.52; H, 6.47. Found: C, 71.42; H, 6.38. 

A sample of the ester, exposed to direct sunlight in chloroform with iodine for 
fifteen hours, was recovered quantitatively unchanged. 

Hydrolysis.---One gram of the ester was allowed to stand overnight in 10 cc. of 
9.5% ethanolic sodium hydroxide (1 equiv.). The product was isolated by diluting the 
solution with water and extracting with ether; yield 0.88 g. (94%) of nearly pure cis acid. 

Trans-2-benzoyl-1,Z-dimethylacrylic Acid (VI).-The ethyl ester (1 g.) was treated 
with 13 cc. of a 70% ethanol solution of 0.22 g. of sodium. The mixture was allowed to 
stand for twenty hours, was then diluted with water, acidified and extracted with 
ether; yield of nearly pure material 0.83 g. (94%); cryst. from benzene; m. p. 119" 
(corr.); sol. in  hot water; dissolves quickly in sodium bicarbonate solution. 

Anal. Calcd. for CIZEZ,,O~: C, 70.55; H, 5.92. Found: C, 70.54; H,  6.09. 

Trans-2-benzoyl-1,2-dimethylacrylic Methyl Ester (V).-Dimethylfumaric mono- 
methyl ester mono-acid chloride (6.5 g.) was added to a well-stirred suspension of 8 g. 
of aluminum chloride in 50 cc. of benzene. The yellow reaction mixture was heated on a 
steam-bath for twenty minutes, and was decomposed in ice and hydrochloric acid in  the 
usual way. The benzene layer was dried with anhydrous sodium sulfatc and distilled 
a t  4.5 mm. pressure, the bulk of the product boiling a t  139-143 "; yield, 6.5 g. (81%); 
colorless oil, b. p. 141 " (corr.) a t  5 mm. 

Anal.  Calcd. for C13N1403: C, 71.52; H, 6.47. Found: C, 71.42; H ,  6.52. 

Hydrolysis of 2 g. in 15 cc. of a n  ethanol solution of 0.22 g. of sodium gave 1.06 g. 
(57%) of trans acid. 

Hydrolysis and Rearrangement of Trans-benzoyldimethylacrylic Methyl Ester.- 
The trans ester (0.9 8.) was treated with 10 cc. of absolute ethanol containing 0.15 g. of 
dissolved sodium. Crystals appeared during the twenty-four hours of standing. The 
mixture was then diluted with water, acidified and extracted with ether. The acidic 
products were extracted from the ether by sodium carbonate and liberated by acidifica- 
tion as an oil which crystallized. It was recrystallized from water, to  yield 0.3 g. of 
nearly pure cis-benzoyldimethylacrylic acid which was identified by mixed melting 
point. No trace of the trans acid was detected. The balance of the material was ac- 
counted for as a n  oil which did not crystallize. 

A sample of trans-benzoyldimethylacrylic acid under identical reaction conditions 
was recovered quantitatively unchanged. 

Trans-2-benz0yl-l,2-~n1ethylacrylic Ethyl Ester, CGH~COC(CH~)=C(CH~)COO- 
CzHh.-Prepared in the same way as the methyl ester, starting with dimethylfumaric 
rnonoethyl acid ester; colorless oil, b. p. 120' (corr.) a t  2 mni. 
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Anal. Calcd. for C14HI~Oa: C, 72.37; H, 6.95. Found: C, 72.15; H, 6.94. 

Hydrolysis of 1 g. of the ester in absolute ethanol with one equivalent of sodium 
ethylate gave an oily product from which steam distillation gave 0.45 g. of yellow oil 
which probably contained ethyl phenyl ketone (characteristic odor), although isolation 
of its oxime failed. From the residue on acidification and extraction with ether 0.07 
g. of crude cis-benzoyldimethylacrylic acid was isolated, recrystallized, and identified 
by a mixed melting point. No trans acid was detected. 

Trans-2-benzoyl-1,2-dimethylacrylyl Chloride (XVII).-The trans acid (0.5 g ) 
was treated with the calculated amount of phosphorus pentachloride The oily reac- 
tion mixture, without isolating the acid chloride, was subjected to the Friedel and Crafts 
reaction with benzene and aluminum chloride, following the usual procedure.* An 
oil was obtained from which 0.08 g. of pure dibenzoyldimethylethylene was isolated and 
identified by a mixed melting point. 

The acid chloride and phosphorus oxychloride mixture from 0.5 g. of acid was 
heated for one hour with 0.7 g. of aluminum chloride. Upon hydrolysis of the red re- 
action product, 0.17 g. of pure trans acid was recovered and identified. 

A sample of the acid chloride in contact with water was hydrolyzed to the acid in 
less than one hour. 

Trans-2-(2,4,6-trimethylbenzoyl)-1,2-dimethylacrylic Acid (XU).-The Friedel 
and Crafts reaction on dimethylmaleic anhydride with mesitylene was run on a small 
scale to ensure complete reaction and to avoid long continued heating, which results in 
the formation of complex resinous products containing aluminum. 

Five grams of dimethylmaleic anhydride was added slowly to a well-stirred mixture 
of 10.6 g. of aluminum chloride in 6 g. of mesitylene and 50 cc. of carbon disulfide. The 
red viscous reaction mixture was heated for one hour on the steam-bath, and was de- 
composed in ice and hydrochloric acid. The carbon disulfide layer on evaporation gave 
a resinous mass which crystallized from benzene and gave 6 g. (61.5%) of nearly pure 
product; cryst. from benzene; colorless; m. p. 169.5" (corr.); sol. in chloroform, insol. 
in water. 

Anal. Calcd. for ClaHlsOa: C ,  73.13; H, 7.37. Found: C, 73.07; I-I, 7.41. 

The acid chloride was obtained as a yellow oil by the action of phosphorus penta- 
chloride on the acid. It decomposed when distillation under reduced pressure was at- 
tempted. I t  was isolated by extracting a petroleum ether solution with water to remove 
phosphorus oxychloride, and evaporating the petroleum ether in  vacuo. A sample 
was hydrolyzed slowly in contact with water to the acid which was identified. The 
Friedel and Crafts reaction was attempted under a variety of conditions in petroleum 
ether and in carbon disulfide, but the formation of the expected diketone was not ob- 
served in any case.g In one experiment a small amount of a colorless solid of m. p. 
198-199" (corr., decomp.), crystallizing from benzene, was obtained. I t  gave an analy- 
sis of C, 77.81; H, 7.42. We did not have sufficient material for further study. 

Trans-2-(2,4,6-trimethylbenzoyl)-1,2-dimethylacrylic Methyl Ester (XIII).-The 
ester was obtained in a rather poor yield in a typical Friedel and Crafts reaction with 
mesitylene and dimethylfumaric monomethyl ester monochloride, in carbon disulfide. 
I t  was best prepared by esterification of the acid 

A solution of 10 g. of the acid in absolute methanol was saturated with hydrogen 
chloride and allowed to stand for twenty-four hours. I t  was then decomposed in iced 
sodium carbonate and extracted with ether. Upon distillation yellow oils were obtained 

(8) The phosphorus oxychloride does not interfere in these reactions (see Ref. 7). 
(9) This does not necessarily mean that the add  chloride is not of the normal type, however, since 

the Friedel and Crafts reactions on trans-trimethylbenzoyla~ryl~l chloride and the corresponding mono- 
methyl derivativewve only very small yields of the diketones. 



which partly crystallized to give a total of 4.4 g. (41%) of nearly pure ester; cryst. from 
alcohol. m. p. 83" (corr.). 

A m l  Calcd. for CleHzoOr: C, 73.80; XI, 7.74. Found: C, 73.52; H, 7.49. 
One gram of ester in 15 cc. of alcoholic sodium hydroxide (one equiv.) war, hy- 

drolyzed completely in forty-eight hours. The product (0.35 g., 37%) was isolated in 
the usual way and identified as the original acid. 

Trans-2-(2,4,6-trimethylbenzoyl)-1,2-dimethylacrylic Ethyl Ester, (C&)~C~HZ- 
COC(CHs)=C(CH~)COOC2&.-Prepared by adding 10 g. of dimethylfumaric 
monoethyl ester mono-acid chloride to a well-stirred suspension of 9.5 g. of aluminum 
chloride in 50 cc. of carbon disulfide and 8.5 g. of mesitylene The red reaction mass 
was heated for one hour a t  40-45O and decomposed in ice and hydrochloric acid in the 
usual way. The carbon disulfide solution was dried over sodium carbonate, evaporated, 
and the oily residue distilled under reduced pressure; 7.9 g. of pale yellow oil (55%) 
was obtained; b. p 131-133" (corr.) a t  2 mm. 

Anal. Calcd. for C17Hz~O~: C, 74.40; H, 8.09. Found: C, 74.04; H, 8.10. 
One gram of the ester was hydrolyzed by standing in 60% alcoholic sodium hy- 

droxide (one equiv.). On diluting the solution with water and extracting with ether 
the non-acidic by-products were removed. From the aqueous solution on acidification 
and extraction with ether, an oil was obtained which partly solidified, giving a yield of 
0.3 g. (22%) of nearly pure trimethylbenzoyldimethylacrylic acid. 

Dimethyl Unsaturated 1,4-Diketones 

Trans-2,3-dibenzoylbutene-2 (Dibenzoyldimethylethylene) (XV).-Dimethylfum- 
aryl chloride (25 g.) was added over a period of half an hour to a well-stirred suspension 
of 41.5 g. of anhydrous, finely ground aluminum chloride in 200 cc. of dry benzene. 
The cream colored mixture was stirred with heating on a steam-bath for twenty minutes 
and the viscous mass hydrolyzed in ice and hydrochloric acid. Upon concentrating the 
benzene layer successive crops of nearly pure diketone were obtained; yield 31 g. (85%); 
cryst. from benzene; sol. in chloroform. diff. sol. in ethanol; m. p. 139.5O (corr.). 

Anal. Calcd.forCl~Hl~On: C,81.78; H,6.10. Found: C.81.51; H,6.05. 

Samples exposed to direct sunlight in absolute alcohol, benzene, acetone, and 
ethyl acetate gave only unchanged material and non-crystalline by-products. From 
benzene a small amount of an unidentified substance was isolated (m. p. 175"). From 
absolute ethanol a small yield (about 10%) of a colorless solid of m. p. 103" was isolated 
(Anal. C, 78.15, 78.25; H, 7.76, 7.68). 

Short refluxing of the diketone with sodium methylate solution gave resinous prod- 
ucts. 

Solutions of the diketone in acetic acid or chloroform reacted slowly in the sunlight 
with bromine, liberating hydrogen bromide and giving resinous products. 

The diketone dissolved quickly in 40% hydrogen bromide in acetic acid, and a new 
product containing halogen appeared as colorless needle crystals of m. p. 113" (corr.). 
The new substance appears not to be a simple addition compound since refluxing for 
four hours in alcohol with potassium acetate produced no change. 

2,5-Diphenyl-3,4-dimethylfuran (XIX).-A well-stirred solution of 2 g. of trans- 
dibenzoyldimethylethylene in 50 cc. of hot glacial acetic acid was treated with 5 g. of 
zinc dust, and the mixture heated with stirring for twenty minutes. The solution was 
filtered, cooled, and diluted with water. The oil which precipitated crystallized on 
standing and was filtered off; yield 1.8 g. Fractional crystallization from alcohol gave 
the less soluble furan in a yield of 0.62 g. (33%). (The rest of the solid product, prob- 
ably consisting of a mixture of the two theoreticaliy possible ethanes, will be investigated 
later.) I t  was crystallized from ethanol; m. p 116' (corr ). 
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Anal. Calcd. for ClaHlaO: C, 87.05; H, 6.50. Found: C, 87.05, 86.63; H, 6.78, 
6.55. 

Trans - 2,3 - di - [2,4,6 - trimethylbenzoyll - butene - 2 (Di - [trimethylbenzoyl)- 
dimethylethylenel (XV).-Dimethylfumaryl chloride (25 g.) was added to a well-stirred 
mixture of 41.5 g. of anhydrous aluminum chloride and 34 g. of mesitylene in 200 cc. of 
carbon disulfide over a period of one hour and the mixture then heated for two hours on 
a steam-bath, and hydrolyzed in the usual way. The carbon disulfide solution on evapo- 
ration gave successive crops of nearly colorless diketone in a yield of 41.9 g. (87%) as 
cream tinted crystals melting to a yellow liquid; cryst. from benzene as rhombic plates; 
m. p. 174.5 (corr.) ; sol. in chloroform; slightly sol. in alcohol. 

Anal. Calcd. for CzaHlsOz: C, 82.71; H, 8.10. Found: C, 82.65; H, 8.06. 
On standing in 40% hydrobromic acid in acetic acid a colorless, viscous, oily, in- 

soluble addition product separated. 
Cis - 2,3 - di - [2,4,6 - trimethylbenzoyll - butene - 2 (Di - [trimethylbenzoyl)- 

dimethylethylene] (XVI).-A solution of 5 g. of the trans isomer in 50 cc. of benzene was 
exposed to direct sunlight for two weeks. The oily product was separated by a laborious 
series of fractional crystallizations from alcohol into an oil, unchanged material, and 2 g. 
of the cis isomer which was recrystallized from alcohol as elongated flat plates; m. p. 
149" (corr.). 

Anal. Calcd. for Cz4HzsOz: C, 82.71; H, 8.10. Found: C, 82.40; H, 8.18. 
The cis isomer proved to be stable when exposed to sunlight in benzene with a trace 

of iodine, and was recovered with slightly lowered melting point. 
When warmed with aluminum chloride in carbon disulfide or benzene, the mixture 

turned black, and on hydrolysis only resinous products were obtained. 
2,5-Dimesityl-3,4-dimethylfuran (XIX).-Trans-di-[trimethylbenzoyl]-dimethyl- 

ethylene (2 g.) was reduced by heating in acetic acid for fifteen minutes with zinc dust. 
The product was isolated by filtering and diluting with water. The crystalline precipi- 
tate was extracted with ether. Upon concentrating, the ether solution deposited 0.18 
g. of di-[trimethylbenzoyl]-butane (see below). The solution was then allowed to evapo- 
rate to dryness in a glass dish. The bulk of the product (the furan) crawled up the sides 
and crystallized, leaving a small powdery deposit on the bottom which was easily scraped 
out and separated from the bulk of material. This latter deposit was digested with a 
small amount of ether and gave 0.1 g. of the ether-insoluble di-[trimethylbenzoyll- 
butane. The ether soluble furan, 1.5 g. (80%) was recrystallized from alcohol, in which 
it is moderately soluble hot as large thin diamond-shaped plates; m. p. 144 (corr.) . 

Anal. Calcd. for CzaHrsO: C, 86.72; H, 8.49. Found: C, 86.88; H, 8.75. 

In  a similar reduction of 0.05 g. of the cis diketone, using the same procedure for 
working up the products, 0.004 g. (8%) of di-[trimethylbenzoyl]-butane and 0.043 
(90%) g. of dimesityldimethylfuran were isolated nearly pure and identified by mixed 
melting points. These percentages are practically the same as the crude yields from the 
reduction of the trans isomer. If the yield of the crude furan in this case were corrected 
for the small amount of the di-[trimethylbenzoyl]-butane present, the yields of pure 
products would coincide also. 

2,3-Di-(2,4,6-trimethylbenzoy1)-butane (XVIII).-The ether-insoluble fraction from 
the above reduction of the trans diketone (0.28 g., 15y0) was difficultly soluble in hot 
alcohol from which it crystallized as thin diamond-shaped plates of m. p. 191.5-192" 
(corr.). 

Anal. Calcd. for CzaHeoOz: C, 82.23; H, 8.63. Found: C, 82.45; H, 8.70. 

A small sample of the pure product was refluxed in acetic acid with zinc dust for 
fifteen minutes and was recovered unchanged; 0.035 g. was treated with acetic anhydride 



and a droplet of sulfuric acid on the end of a glass rod. The difficultly soluble diketone 
dissolved immediately and new crystals appeared. The mixture was warmed to bring 
everything into solution and then cooled, allowed to crystallize, and filtered; yield 0.02 
g. of nearly pure dimesityldimethylfuran of m. p. 134-140"; identified by recrystalliza- 
tion and mixed melting point. 

Summary 

The synthesis and preliminary study of cis and trans benzoyldimethyl- 
acrylic acids is reported. The inversion of the trans isomer to the cis 
undcr the influence of alkali is discussed. 

Diaroyl-dimethylethylenes have been synthesized from dimethyl- 
fumaryl chloride. 

The l,6-addition of hydrogen to cis and trans di-trimethylbenzoyl- 
dimethylethylene is discussed. 

UNIVERSITY, VIRGINIA RECEIVED SEPTEMBER 8, 1932 
PUBLISHED APRIL 6, 1933 

[CONTRIBUTION FROM THE UNIVERSITY OF COLORADO] 

The Effect of Strong Ultraviolet Irradiation upon the Toxicity 
of Pure Nicotine 

Two years ago A. J. Pacini and Hugh McGuiganl reported that the 
toxic action of nicotine upon frogs was destroyed by ultraviolet irradiation. 
Some time later, George P. Tracy, working with the senior author of the 
present paper (G. W.), demonstrated that while the toxic effects of nicotine 
upon albino rats can be considerabIy diminished by ultraviolet irradiation 
they are by no means des t r~yed .~  At the same time i t  was shown that 
irradiation beyond the optimum time of exposure will almost completely 
restore the original toxicity of the nicotine. The work recorded in the 
present paper is an attempt to ascertain whether any reasonable amount of 
ultraviolet irradiation will destroy the toxic effects of nicotine upon albino 
rats. 

Experimental 
The source of irradiation used was a carbon arc for which the makers claim an in- 

tensity in the ultraviolet region forty times that of the ordinary mercury vapor lamp. 
This claim was approximately verified. In the work earlier reported2 an irradiation of 
seventy-five minutes was required, under the mercury vapor lamp, a t  a distance of ten 
centimeters, to produce the maximum detoxication. At a distance of fifteen centimeters 
from the carbon arc the maxitnum detoxication effects were obtained by irradiation 
periods of three or four minutes. 

In the first series of experiments here recorded, pure, freshly redistilled nicotine 
was irradiated, in quartz-glass tubes, at  a distance of fifteen centimeters from the arc, 
for periods of from one to sixty minutes. The layer of nicotine (water-clear) was about 

(1) Pacini and McGuigan, J .  Pharmacol., 33, 241 (1930) 
(2) Wakeham and Tracy, ibid., 44, 295 (1932). 
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one millimeter deep. The maximum period of exposure (sixty minutes) was a t  least 
equivalent to fifteen hours of irradiation at  a distance of ten centimeters from an ordi- 
nary mercury vapor lamp. 

In the second series of experiments a one per cent. solution of nicotine was exposed in 
open petri dishes to the carbon arc at  a distance of twenty-five centimeters. The layer 

Range of 
dosage in Number Number Highest Lowest 

Rats in Irradiation, mg. per kg. of rats of rats non-lethal fatal 
group minutes of rat wt. killed survlvmg dose dose 

Rats in 
group 

4 
5 
6 
6 
3 
4 
8 
4 

Irradiation, 
minutes 

1 
2 
3 
4 
5 

10 
20 
60 

Range of 
dosage in 

mg. per kg. 
of rat wt. 

20.0-28.0 
20.0-33.8 
20.0-33.3 
15.2-24.2 
16.6-24.6 
19.8-22.5 
19.8-31.1 
20.8-24.6 

Number 
of rats 
killed 

2 
2 
2 
3 
1 
3 
3 
2 

Number 
of rats 

survlvlng 

2 
3 
4 
3 
2 
1 
5 
2 

Highest 
non-lethal 

dose 

28.0 
28.5 
31.5 
18.1 
23.0 
21.3 
31.1 
24.6 

Lowest 
fatal 
dose 

25.0 
25.0 
32.4 
17.1 
24.6 
19.8 
22.0 
20.9 

TABLE I11 
DATA OBTAINED WHEN RATS WERE REPEATEDLY INJECTED WITH "CRITICAL" DOSES OF 

NICOTINE, BOTH RAW AND IRRADIATED. DOSES ARE GIVEN IN MG. PER KG. OF RAT 

WEIGHT, INTERVAL IN DAYS. WEIGHTS OF RATS GIVEN IN GRAMS 

Rat  Rat  Inter- Inter- Inter- Inter- Inter- 
no. wt. Dose val Dose val Dose val Dose val Dose val Dose 
11 128 21.5 13 21.5 3 22.7 died 
4 152 21.4 3 21.8 died 

15c 140 28.5 3 26.7 died 
16c 160 25.0 18 23.1 3 26 .3  died 
7 82 15.2 3 17.1  3 15.2 3 15.0  died 
6 8 8 2 2 . 7  3 22.7 3 20.6  3 22.2  died 
5 90 16.7 2 16.3 3 16.2 3 17.6 4 17.1 died 
2 116 17.2 2 19.4  died 

23 120 20.8 13 22.5 3 18.4  3 21.2  4 21 9 7 25 .8  lived 
13 120 16.6 8 14.9 7 17.9 died 

2a 112 17.8 8 16.1 3 19.2  4 22 .2  lived 
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of solution was never more than two millimeters deep. Both pure nicotine and the di- 
luted nicotine turned to a deep, opaque brown color after long irradiation. This effect 
is commonly ascribed to oxidation, although quantitative determinations by means of 
silicotungstate precipitation do not reveal any appreciable decrease in the amount of 
nicotine present I t  is suggested that the degree and intensity of irradiation used in 
these experiments greatly exceed what would be practicable in any commercial process 
for the treatment of tobacco. 

Time of irradiation in minutes. 

Fig. 1.-Irradiated pure nicotine. 

In both series of experiments the nicotine, after irradiation, was injected beneath 
the loose belly-skin of the rat. The inferences recorded below are based upon what we 
venture to call the "critical dose," this being the mean of the highest dose which any rat 

Time of irradiation in minutes. 

Fig. 2.-Irradiated 1% nicotine solution. 

has survived and the lowest dose which has proved fatal. Individual idiosyncrasy is a 
very disturbing factor in quantitative animal toxicology. Two of the animals used in 
this work showed resistance to nicotine poisoning so far above the average that the data 
concerning them were rejected in making out the final diagrams. All doses are calcu- 



lated in milligrams per kilogram of body weight. No rat was used twice in these ex- 
periments, save after an interval of several weeks. Table I11 presents data which seen1 
to indicate that rats develop neither any marked tolerance nor increased sensitivity 
when subjected to "critical" doses a t  short intervals. Some rats succumbed to the 
second or third "critical" dose. Others maintained good health and gained rapidly in 
weight even when dosed to death's door every three or four days. Rat No. 23 survived 
six "critical" doses, and was pensioned. 

Doses of nicotine far below the "critical" amount never fail to  produce the violent, 
characteristic nicotine reaction, even when administered repeatedly a t  short intervals. 
Nicotine irradiated for certain periods is less toxic than the raw alkaloid, but is always 
highly poisonous. 

Tables I and I1 give a condensed summary of the data obtained. Charts 1 and 2 
are offered, with some hesitation, as the most nearly valid graphical interpretation which 
could be devised. They represent the general tendencies revealed by the data, although 
some minor discrepancies are apparent. In order to obtain parallel graphs for the three 
functions represented, a larger number of animals would have to be used. While it  is 
suggestive that both charts show a second peak in the "detoxication" curve, this may 
not be significant. The data obtained for sixty-minute periods of irradiation are not 
included. 

Results 
It appears from this work that no reasonable amount of ultraviolet 

irradiation will destroy the toxicity of nicotine. The earlier observation2 

that the partial detoxication obtained by controlled irradiation is restored 
by over-irradiation, is confirmed. 

Albino rats, when subjected to repeated heavy doses of nicotine, develop 
neither marked tolerance nor susceptibility. 

Summary 

Intense ultraviolet irradiation, even for long per:ods, does not destroy 
the toxicity of pure nicotine. 

BOULDER, COLORADO 
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A Study of the Reactions between Citric and Acetylsalicylic 
Acids 

Introduction 
The purpose of this research was to effect a chemical combination, 

which might be of therapeutic value, between citric acid and acetylsali- 
cylic acid. 

Previous Work. -F. Zernikl prepared a disalicylic acid ester of methyl- 
ene citric acid which was marketed under the trade name of Novaspirin. 
Lehman2 describes this product as a mild form of aspirin which can be 
easily administered and borne by the patient; its action, too, is claimed to 
be more rapid. 

Berendes and Calleen3 prepared succinyl-disalicyclic acid which is 
claimed to possess the same desirable therapeutic properties. 

Salicylic monoglycol esters4 and glyceryl esters5 have been prepared 

Discussion 

Since i t  was desired to prepare a compound which would contain one 
mole of salicyclic acid or acetylsalicyclic acid and one mole of citric acid, 
i t  seemed best to change in some way three of the four functional groups 
of citric acid and a t  the same time block off the alcoholic group. 

For this reason acetylcitric acid anhydride was p re~ared .~  This was 
allowed to react with phosphorus pentachloride in order to prepare the 
acid chloride in the following way 

CH2COOH CHzCOCl 
0 0 

CH~COO&--C' + PC,. + CH~COOL-C" + POCIS + HCI 
I \o 

CH~--C/ 
I ' 0  

\o 
CH~C/ 

\o 
The acid chloride was treated with sodium salicylate with the expectation 
that the reaction would go as follows 

CHzCOCl 
//O //O 

CH2C-0-CCeH40H 
0 0 

C H 3 C O O b - C / /  + HOC6H,COONa --+ CH3COO(!-C' 
I '0 

+ NaCl 
I \o 

CH~-C/ CH~--c/ 
\o \o 

(1) Zernik, Apoth.  Z t g . ,  22, 508 (1907). 
(2) Lehman, Deut. med. Wochschr., 33, 385-386 (1907). 
(3) Berendes and Calleen, German Patent 874,929, December 31, 1907. 
(4) Badische Aniliu und Soda Fabrik, German Patent 173,776, April 21, 1905. 
(5) Serger, German Patent 186,111, January 16, 1906. 
(6) Klingemann, Ber., 22, 984 (1889). 



A reaction took place quite readily. After checking the compound by a 
quantitative saponification and a molecular weight determination, i t  was 
planned to acetylate it according to the following reaction 

However, no acetylation took place and upon making a ferric chloride 
test for a phenol, negative results were obtained until the compound had 
stood for eight minutes in an aqueous solution a t  room temperature. 
This showed that there was no free phenol group in the compound and i t  
could not have the structure represented by I. While (I) may have been 
first obtained, i t  rearranged into either (11) or (111) which have the same 
molecular weight. 

The rate of hydrolysis of this compound was then determined in 0.0987 N 
hydrochloric acid a t  3 8 O .  The products of this hydrolysis were acetic 
acid, citric acid, salicyclic acid and some aconitic acid. The results of 
the hydrolysis are shown in Table I. 

It was found that after standing for five weeks in a well-stoppered bottle, 
the compound had a slight acetic acid odor and its melting point had de- 
creased. A single recrystallization of the compound brought its melting 
point up to the original value. Thus i t  was evident that on standing some 
decomposition had taken place. 

I n  attempting to form a combination between citric acid and acetylsali- 
cylic acid many other reactions were tried. They will be briefly outlined 
and the products given as a matter of record. 

1. Anhydrous citric acid was treated with an equivalent amount of 
acetylsalicylyl chloride in the presence of dimethylaniline. Salicylic acid. 
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acetylsalicylic acid and citric acid were obtained. They were formed 
by the addition of water a t  the end of the experiment. 

2. Unsuccessful attempts were made to add acetylsalicy!ic acid to 
the double bond in aconitic asid both in the presence of zinc chloride 
and in the presence of a 2y0 sulfuric acid solution. 

3. 2-Bromo-l,2,3-propanetricarboxylic acid was treated with sodium 
salicylate in ethereal solution. The products were sodium salicylate, 
sodium bromide, salicylic acid and aconitic acid. 

4. Acetylsalicylyl chloride was treated with anhydrous citric acid. 
The reaction proceeded smoothly a t  110' with the evolution of hydrogen 
chloride. An uncrystallizable gum was obtained. After standing for two 
months in a soda lime desiccator some crystals appeared. Analysis showed 
the presence of acetic, salicylic, citric and aconitic acids. 

5. When alkaline citrates were used corresponding products resulted. 
6. The sodium alcoholate of triethyl citrate was treated with acetyl- 

salicylyl chloride in boiling ether. The quantitative amount of sodium 
chloride was obtained. Acetylsalicylic acid was recovered from the 
gum-like product. The residue reduced alkaline potassium permanganate 
and was probably triethyl aconitate. 

7. In order to verify the results of the last experiment the triethyl 
ester of 2-chloro-l,2,3-propane-tricarboxylic acid was allowed to react 
with sodium salicylate in ethereal solution. A sirup was formed which was 
separated into salicylic acid and triethyl aconitate. 

8. Direct esterification between acetylsalicylic and citric acids by 
means of esterification catalysts was attempted but the experiments were 
unsuccessful. 

Experimental 
Reaction of the Acid Chloride of Acetylcitric Acid Anhydride with Sodium Salicylate 

Preparation of the Acid Chloride.-Forty grams (1 mole) of acetylcitric acid an- 
hydride, 100 cc. of anhydrous petroleum ether and 38 4 g. (1 mole) of phosphorus 
pentachloride were mixed and warmed with stirring to  about 25" on a water-bath until 
the evolution of hydrogen chloride had ceased. It was then atered and the residue on 
the filter was washed with dry petroleum ether to  remove the last trace of phosphorus 
oxychloride. The product was then recrystallized from chloroform and petroleum ether, 
m. p. 92-93 O; yield 90%. 

Anal. Calcd. for C~H706Ci: C1, 15 12. Found: C1, 15.05. 

Forty-one grams (1 mole) of the acid chloride of acetylcitric acid anhydride was 
dissolved in 200 cc. of chloroform and treated with 27 g. (1 mole) of sodium salicylate. 
The reaction was carried out a t  room temperature with rapid stirring until all the sodium 
salicylate was used. 

The reaction mixture was then filtered and the residue taken up in 200 cc. of dry 
acetone. The acetone solution was filtered and the acetone removed from the filtrate 
under reduced pressure. The slightly brown residue was recrystallized from a n  acetone- 
chloroform mixture. A white crystalline conipound was obtained, m. p. 162-163"; 
yield, 57.3%. 
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The molecular weight by elevation of the boiling point of pure acetone was 339 and 
343 and as determined by a quantitative saponification was 335. The molecular weight 
calculated for Cl~H1208 was 336. 

Attempted Acetylation of this Compound.-Eight grams of the above compound 
was boiled for three hours with 20 cc. of acetyl chloride but only a trace of hydrogen 
chloride was evolved. The acetyl chloride was distilled and the residue, after recrys- 
tallization, proved to be the original substance. 

When 0.10 g. of this compound was suspended in 5 cc. of water, and a drop of O.lOyo 
ferric chloride solution was added no color appeared until eight minutes had passed. 

Determination of the Rate of Hydrolysis of this Compound. -Ten separate 0.2000-g. 
samples of the compound were placed in 150-cc. Erlenmeyer flasks and covered with 
10 cc. of 0.0987 N hydrochloric acid. The flasks were stoppered and kept a t  38'. At 
the indicated times the extent of the hydrolysis was determined by filtering a sample, 
washing the residue twice with water, and titrating the filtrate with 0.135 N sodium hy- 
droxide, using phenolphthalein as the indicator. 

The results of these titrations are shown in Table I. 

Sample 

1 
2 
3 
4 
5 
6 
7 
8 
9 

TABLE I 
Cc. of 0.135 N 

Time NaOH used 

0 Min. 8 . 8  
15 Min. 9 . 2  
30 Min. 9 .6  
45 Min. 10.2 
60 Min. 12.2 

2 Hours 11.7 
4 Hours 14.0 

24 Hours 19.2 
72 Hours 23.0 

O/o Hydrolysis 

6 . 8  
8 . 6  

10.4 
13.1 
22.2 
20.0 
30.4 
54.0 
71.3 

After the compound had stood for five weeks in a well-stoppered bottle, it  had a 
slight odor of acetic acid and the melting point had fallen to 152'. The compound was 
recrystallized from an acetone-chloroform mixture and its melting point was again 
162-163 O. 

Summary 

1. General methods of esterification have been tried in an attempt to 
combine citric acid and acetylsalicylic acid. Esterification was not effected 
but several interesting mechanisms have been determined. 

2 .  A chemical combination between acetyl citric acid and salicylic acid 
has been effected. 

WEST LAFAYETTE, INDIANA RECEIVED SEPTEMBER 16, 1932 
PUBLISHED APRIL 6, 1933 



[COMMUNICATION FROM THE LABORATORY OF ORGANIC CHEMISTRY, UNIVERSITY OF 
WISCONSIN] 

The Catalysis of Polymerization by Ozonides. 11' 

A study of the polymerization of dienes in the presence of ozonides led to 
experimentation directed primarily toward ascertaining: 1, the char- 
acteristics of the polymerization of styrene in the presence of ozonides as 
compared with ihose in the presence of other catalysts; 2, the relative 
activity of oxygen and ozonides as catalysts for polymerization: 3, whether 
an interruption of the polymerization process rendered a given polystyrene 
chain incapable of further addition of styrene. 

Experimental Methods 

The course of the polymerization was followed in three ways. 1. An 
aliquot from the reaction mixture of styrene and ozonide was removed from 
time to time and the viscosity of a 10yo solution of it in benzene deter- 
mined.' 2. Similarly, aliquots (0.5-1.0 g.) of the reaction mixture were 
dissolved in dioxane (10-15 ml.) and the polystyrene precipitated by the 
rapid addition of 95% alcohol (150-175 ml.). After one to two days the 
polystyrene was filtered off, washed and dried to constant weight a t  45O 
(20 mm.) over calcium chloride. (A better separation of polystyrene was 
obtained with dioxane than with benzene.) The method left less than 
2-3y0 of polystyrene in solution as evidenced by the residue from the 
evaporation of the alcoholic solution at 50° (20 mm.). 3. The specific 
viscosity of the polystyrene so obtained was determined as follows: such 
a weight of solid was dissolved in benzene as would give a solution contain- 
ing 26 g. of polystyrene (equivalent to 0.23 mole of styrene) per liter of 
solution. The flow time of this solution through a viscometer divided by 
the flow time of benzene gave the relative viscosity. This value less 1 
gave the specific viscosity of the polystyrene. Staudinger and associates2 

showed that the specific viscosity of polystyrene is indicative of the size of 
the molecule and the values have in general been so interpreted in this 
paper. 

Characteristics of Polymerization of Styrene.3-There are represented 
in Fig. 1 the typical changes that took place in the viscosity of the solution, 
in the amount of polystyrene, and in its specific viscosity, during the 
course of the reaction. I t  may be seen that for about four weeks there 
was almost a linear increase in both the amount and specific viscosity of 
polystyrene formed. The viscosity of the solution increased rather slowly 
for about three weeks and then much more rapidly for the fourth week. 

(1) Houtz and Adkins, T H r s  JOWRNAI,, 63, 1058 (1931). 
(2) Staudinger, Brunner, Frey, Garbsch, Signer and Wehrli, Ber , 62, 241 (1929) 
(3) Cf. Carothers, Chem. Rez ,8 ,  394 (1931) Staudinger, "Die hochmolekularen organischen Ver- 

bindungen," Verlag von Julius Springer, Berlin, 1932, pp 157-253. 
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characteristics of the polymerization have been dupli- 6.6 to 5.2. under nitro- 
cated both under the same conditions and with different gen but with diisobutylene 
catalysts. 

ozonide or with benzoyl 

This is presumably due to the fact that during the earlier period the 
polymers were not such long chains as they were later, so that a given 
amount of polymerization produced a much less marked change in the 
viscosity of the solution. Apparently no more than 92-93% of the styrene 
underwent polymerization. 

The trend of the curve indicating the specific viscosity of the polystyrene 
is downward after a certain length of time. This is shown more clearly 

by th4data plotted in Fig. 

peroxide as a catalyst, the maximum specific viscosity was 1.4 to 1.3. As 
indicated in Figs. 1 and 2, the specific viscosity rose to a value of approxi- 
mately 4 in the presence of diisobutylene ozonide as a catalyst a t  15O. 
The polystyrene formed under nitrogen without an added catalyst was 
quite different in physical properties from other samples of polystyrene. 
Most of the polystyrene produced under nitrogen could be lifted out on a 
stirring rod as a tough, doughy mass. Staudinger observed that the specific 
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2 for a polymerization at  a 
higher temperature (25') 
and with a different cata- 
lyst. These data show 
that while the amount of 
polystyrene steadily in- 
creased to a maximum, the 
viscosity of the solution 
and especially the specific 
viscosity decreased, after 
reaching a maximum, to 
approximately 75y0 of that 

_ value. 
/ 

J The specific viscosity of 
polystyrene produced va- 
ried according to the en- 
vironment during the re- 

0 15 30 45 action. For  example, 
Days. polystyrene produced in 

Fig. 1.-Polymerization of styrene a t  15' with 2% of an atmosphere of nitrogen 
diisobutylene ozomde: I ,  percentage yield of polysty- at 1000 for twenty-two to 
rene; 11, flow time of a 10% solution of the reaction 
mixture in benzene calculated for a viscometer showing 

th i r ty- two hours had a 

a value of 45.7 seconds for benzene; 111, specific vis- 
cosity of the polystyrene. The data plotted above and 19.3, while in oxygen under 
in Fig. 2 are for single reaction mixtures; however, all similar conditions i t  was 



viscosity of polystyrene decreased with increase in the temperature of 
formation. He reported values of 5.95 for 15O, 2.18 a t  75O, and 1.21 a t  
115O for polystyrene formed in the absence of an added catalyst. 

from a peroxide than from Days. 

the gas. They state that Fig. 2.-The later stages in the polymerization of 
the only way a peroxide styrene a t  25O with 2% pinene ozonide: I, percentage 

yield of polystyrene; 11, flow time of solution of re- 
the p ~ ' ~ -  action mixture in benzene; 111, specific viscosity of 

merization of another com- polystyrene. 

pound would be to yield 
oxygen to it, forming a peroxide of it which would then undergo polymer- 
ization. This conclusion is so contradictory to those arrived a t  in this 
Laboratory that the matter was tested further. Staudinger and Lauten- 
schlager heated 10-g. portions of styrene a t  80' for ten, fifteen, twenty or 
twenty-five hours with an unspecified amount of oxygen or of benzoyl or 
diphenylethylene peroxide. They then determined the extent of poly- 
merization by evaporating the excess styrene at  80' in a "high vacuum" for 
an unspecified length of time. In order to test out their conclusion a series 
of experiments was performed. 

It should be noted that the samples of polystyrene were not homogeneous 
with regard to molecular size. If the precipitant (alcohol) was added 
slowly the polymer first precipitated sometimes had a specific viscosity 
150y0 as great as that of the material precipitated later. Since i t  was im- 
possible to grind the polymer in a mortar it was advisable to bring about 

(4) Staudinger and Lautenschlager, Ann., 488, 1 (1931). 
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One-gram samples of styrene were heated a t  80' in a thermostat in 20 
X 2.5 cm. test-tubes. Before sealing the tubes, they were immersed in an 
ice-salt mixture, so that an appreciable pressure would be developed on 
heating to 80". One tube of each set of six contained oxygen, one carbon 
dioxide, and the others benzoyl peroxide in three different concentrations 
(0.1, 1.0, 3.0%) in an atmosphere of carbon dioxide. The volume of each 
tube was about 60 cc. Considering the initial temperature to be - 15" upon 
sealing there would be 0.078 mole of oxygen available for each mole of 
styrene if the pressure were to be reduced to one atmosphere in the tube by 
oxygen absorption. Considering one atom of oxygen in each molecule of 
benzoyl peroxide to be available, 0.00325 mole of oxygen would be avail- 
able per mole of styrene, in the tubes containing 0.1% benzoyl peroxide. 
That is to say, twenty-five times as much oxygen was available to the 
styrene in the oxygen tube as in the 0.1% benzoyl peroxide tube. Also, 
since oxygen was bubbled through the styrene immediately before each 
sample for an oxygen tube was weighed out, free oxygen should have 
ample opportunity to demonstrate its superiority as a polymerization 
catalyst. The amount of polymerization under these conditions after 
ten and twenty hours was as follows : with oxygen 6 and 48%, with carbon 
dioxide 10 and 15%, with 0.1% benzoyl peroxide 45 and SO%, with 1% ben- 
zoyl peroxide 94% at  both times. These data show that benzoyl peroxide 
is a much more active catalyst than oxygen. Other experiments showed 
that diisobutylene ozonide is much more active than benzoyl peroxide as a 
catalyst for the polymerization of styrene. Similar results were obtained 
when the polymerizations were carried out a t  25 and 100' in a benzene 
solution which was vigorously agitated in order to ensure intimate contact 
of styrene and oxygen. 

Another experimental finding may also be noted here, which may have a 
bearing upon the hypothesis that peroxides and ozonides catalyze poly- 
merization through the liberation of oxygen. Diisobutylene ozonide, for 
example, did not produce oxygen in any considerable amount when it de- 
composed. Fifteen grams of the ozonide produced 200 cc. of gas a t  room 
temperature within seven days and 500 cc. within a month. The gas 
analyzed approximately 17% carbon dioxide, 2% unsaturated compounds, 
1% oxygen, 23% carbon monoxide, 43% methane and 14% hydrogen. 

The stability of diisobutylene ozonide in the presence of unsaturated 
compounds should be noted. As previously reported this ozonide ex- 
plodes if heated above about 60' and loses practically all of its catalytic 
activity if allowed to stand more than four or five days a t  room tempera- 
ture. In  striking contrast to these statements are the observations that 
diisobutylene ozonide, dissolved in an unsaturated hydrocarbon, was active 
as a catalyst for many days a t  100°, and with indene a t  room temperature 
for several m0nths.l 



Samples of styrene occasionally vary a great deal with respect to their 
sensitivity toward polymerization, even when great care is exercised in 
their preparation and distillation. Samples of styrene which have been 
in contact with air for some time are very reactive and presumably the 
high sensitivity toward polymerization is due to the oxygen content. 
For example, a sample of styrene which had stood for six months in con- 
tact with air was as much polymerized after twelve days a t  25' in the 
presence of 4% of its weight of pinene ozonide as was freshly distilled 
styrene after seventeen days under the same conditions. However, the 
"old" styrene is not an active catalyst for polymerization, for when 3% 
of i t  was added to freshly distilled styrene the resulting mixture poly- 
merized a t  the same rate as did freshly distilled styrene. Furthermore, 
polystyrene is not a catalyst for polymerization, for when 1 part of poly- 
styrene was added to 20 parts of freshly distilled styrene the polymeriza- 
tion of the latter was not accelerated. 

Addition of Styrene to Polystyrene.-Experiments were conducted 
with the object of ascertaining whether polystyrene after being pre- 
cipitated and dried was able to add styrene with the formation of poly- 
styrene of greater molecular weight. To this end samples of polystyrene 
were prepared, precipitated and dried as in the method described for the 
gravimetric determination of polystyrene. These samples (a, b or c) of 
polystyrene of known specific viscosity were then mixed with styrene. 
After an appropriate length of time for reaction the new polystyrenes 
(d, e or f) were precipitated, dried, weighed and their specific viscosities 
determined. Styrene was allowed to polymerize .under exactly the same 
conditions, the polystyrenes (g, h or i) precipitated, weighed and the 
specific viscosities determined. Mixtures were then made up of poly- 
styrenes (ag, bh and ci) in such a ratio as to be identical with the poly- 
styrenes (d, e or f) if styrene had not reacted with polystyrene (a, b or c ) .  
The specific viscosities of these mechanical mixtures were then deter- 
mined. The significant data are recorded in Table I. 

If the polystyrene produced from a mixture of polystyrene and styrene 
had a higher specific viscosity than did the original polystyrene (or the 
polystyrene produced from styrene alone under similar conditions), then 
addition of styrene to the original polystyrene must have taken place. 
This is seen to be the case in experiments 1 and 3 of Table I. However, 
this comparison does not give an accurate indication of the extent of the 
addition of styrene to polystyrene. Such a comparison may be made 
between the specific viscosity of the product and of the mechanical mixture 
referred to above. In experiment 1 the increase was from 11.6 to 15.6, 
in 3 from 11.5 to 11.9, and in 5 from 2.22 to 2.45. I t  is thus clear that  in 
all three cases (involving different temperatures, times and catalysts) 
there was a reaction of styrene with the dried polystyrene. 



ADDITION OF STYRENE TO POLYSTYRENE 

Polystyrene % Styrene 
-Reactants---- Time, after Sp. viscosity 

Name g. hrs. reaction, g. polymerized Product Mixture 

1 Polystyrene" 0.317 13 0.636~ 49.7 +- 0.8 15.5 * 0.12~ 11.6 
Styrene .641 (100") ( 4  

2 Styrene 1.467 13 .474g 32.4 * . 3  13.0 * .3  . . 
(100 O) 

3 ~ o l ~ s t y r e n e ~  0.265 6 .600" 28.3 * . 4  11.9 .t . Ie 11.5 
Styrene 1.181 (100") (bh) 

4 Styrene 3.290 6 .660h 20.0* . 5  11.2 * .3h . .  
(100 O )  

5 Polystyrenec 0.280 72 ,359' 13.1 2.45 * .03j 2.22 
Styrene .603 (25") ( 4  
Pinene ozonide .024 

6 Styrene i.80S 72 .233? 12.9 * .2  2.43 * .06' . . 
Pinene ozonide 0.054 (25 ") 

" Specific viscosity 10.5, prepared in 5.5 hrs. a t  100' without added catalyst. 
Specific viscosity 11.5, prepared in 6.0 hrs. a t  100' without added catalyst. " Specific 

viscosity 2.20, prepared in 5 days a t  25 O with pinene ozonide as a catalyst. to "ee text 

Polymerization of Various Compounds.-The catalytic activity of an 
ozonide in nitrogen for several compounds was tested qualitatively by 
measuring viscosities before and after standing in contact with the catalyst 
in sealed tubes. These experiments were carried out chiefly for the 
purpose of ascertaining whether the catalytic activity of diisobutylene 
ozonide was limited to non-oxygenated compounds. Benzalacetone in 
benzene solution with 1% of diisobutylene ozonide showed no viscosity 
change in seventy day; at room temperature, nor in eight days a t  100°. 
A 10% solution of dibenzalacetone in benzene with of diisobutylene 
ozonide showed a 5% increase in viscosity in eight days a t  100'. The 
blank samples showed no increase. A gummy residue, insoluble in al- 
cohol, was found in the tubes containing the catalyst. Crotonalacetone 
showed a 205% viscosity increase in eight days with 3% diisobutylene 
ozonide a t  100°, and a 100% increase without catalyst. 2,4-Hexadienal 
increased in viscosity on heating in air, but 3% of diisobutylene ozonide 
showed no additional effect. Sorbic acid in dioxane was not affected by 
the catalyst, either a t  23 or a t  100'. Ethyl sorbate showed 70% increase 
in viscosity with 3% pinene ozonide, and 24% increase without catalyst 
in seventy-six days a t  23'. In nine days a t  100°, its viscosity increased 
six-fold without catalyst and ten-fold with 3% pinene ozonide. On heat- 
ing 1,3-cyclohexadiene a t  100' for thirty days a polymer formed which was 
insoluble in the m~nomer .~  There was 50% more gummy residue left 
after evaporation of the sample containing ozonide than was found in the 
case of the blank. 

(5) Hoffman and Damm, Mitt schles.  Kohlenforschungsinst. Kaiser-Wlhelm Ges., 2 ,  97 (1925); 
Chem. Abstracts, 22, 1249 (1928). 
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Cyclohexene 0zonide.-One of the original objects of this investigation 
was to ascertain the relative merits of various ozonides as catalysts for 
polymerization, so the properties of cyclohexene ozonide were investi- 
gated. Harries6 prepared two solid cyclohexene ozonides in carbon 
tetrachloride solution which he believed to be polymers. In  addition to 
these solid polymers a liquid ozonide of low molecular weight has now 
been obtained as follows. Ozone was passed into a solution of 6 g. of 
cyclohexene in 125 cc. of chloroform. An insoluble solid (A) immediately 
formed. When quantitative absorption of ozone ceased the product was 
filtered, and the filtrate treated with 2 to 3 volumes of petroleum ether. 
A granular solid (B) separated which was apparently a mixture, since i t  
melted over a wide range. The insoluble solid (A) was amorphous, paper- 
like in appearance. It did not dissolve in ether, alcohol, cyclohexane, 
chloroform, nor acetic acid. It was slightly soluble in benzene and in 
dioxane. Molecular weight determinations on the soluble solid (B) gave 
values in benzene of 2100, 2270, 3650, 2185, 2970, 2640; and in dioxane 
1515, 1120, 1270, 1200 and 1250. When allowed to stand in a chloroform 
solution i t  changed into a substance insoluble in chloroform. Both of these 
materials (A and B) were found to be practically inactive for the poly- 
merization of styrene, although the (B) solid showed a slight activity 
toward styrene during a thirty-day interval. When cyclohexene was 
ozonized in glacial acetic acid, a liquid ozonide (C) was obtained which 
had a molecular weight of about 450 in freezing dioxane. I n  nine days 
a t  room temperature, 2% of the liquid cyclohexene ozonide (C) in styrene 
caused the formation of 14.9y0 polystyrene while 2% of diisobutylene 
ozonide caused 83.8yo of the styrene to polymerize. 

Correlation of Results.-The results presented in this paper are in dis- 
agreement a t  two points with those reported by Staudinger and his as- 
sociates. First, contrary to their observations, peroxides and ozonides 
have been found to be much more active than oxygen as catalysts for 
the polymerization of styrene. Second, the polystyrene produced a t  
higher temperatures in this Laboratory in the presence of oxygen had 
three or four times as large a specific viscosity as did that produced under 
similar conditions by Staudinger, while the polystyrene produced under 
nitrogen a t  100' had a specific viscosity three or four times as high as the 
highest specific viscosity observed by him even for polystyrene produced 
a t  temperatures as low as 15'. It proved impractical in this Laboratory 
to polymerize styrene a t  15O, for the styrene remained unchanged a t  
room temperatures in contact with air for a year. These results suggest 
the possibility that the samples of styrene used by Staudinger contained 
a catalyst which gave a more rapid polymerization and therefore shorter 
chains than did that used in this Laboratory. 

(6) Harries, Ann., 410, 21 (1915). 



A significant fact in regard to the correlation of specific viscosity and 
length of the polystyrene chain has become e ~ i d e n t . ~  The lower specific 
viscosity of polystyrene produced in thirty-five days as compared with 
that produced in twenty days (Fig. 2), for example, can hardly be due 
to  a decrease in the length of chain and the breaking of carbon to carbon 
linkages at 25O, but must rather be due to some other change in dimensions 
or other characteristics of the polystyrene "molecule." There can be no 
reasonable doubt that there is, as Staudinger pointed out, a correlation of 
specific viscosity with length of chain, but a t  least with the polystyrenes of 
higher specific viscosity, some other factor apparently in part determines 
the observed value of the latter constant. The specific viscosities referred 
to  in this paragraph are several times as large as those for which Staudinger 
showed a correlation between specific viscosity and molecular weight. 

I t  appears to the authors that the polymerization of styrene may in- 
volve two rather distinct phenomena. The one is the initiation of the 
reaction or starting of chains, the other is the increase in the length of 
these chains. I t  is certain that ozonides, peroxides, salts, etc., catalyze 
the initiation of chains; however, there is no evidence so far as the authors 
are aware as to whether or not these catalysts increase the rate of lengthen- 
ing of these chains. If little catalyst is present the chains become very 
long even at 100'. If many chains have been begun as in the presence of 
an active catalyst, then all the available styrene is used up before any of the 
chains become very long. 

The evidence presented in this paper in regard to the capacity of dried 
polystyrene to add styrene indicates that the polymerization of styrene is 
not a process that must proceed to completion without interruption. 
The lengthening of the carbon chain may be stopped by precipitating and 
drying the polystyrene. The polystyrene will later react with styrene 
if it is available and the chain thus become longer. In the presence of 
pinene ozonide there was relatively little addition of styrene to polystyrene 
or increase in amount of polymerization of styrene in the presence of 
polystyrene. This is understandable because the catalyst initiated so 
many chains and the lengthening process is so slow at  25' that by far the 
greater part of the styrene went to form new chains rather than to prolong 
those already started. 

More styrene reacted within a given length of time in the presence of 
polystyrene than in its absence, even though polystyrene is not a catalyst 
for the reaction. This is shown by a comparison of experiments 1 and 2, 
and 3 and 4 in Table I. In each case approximately 50% more styrene 
was polymerized in the mixture containing polystyrene than in the mix- 
tures which originally contained no polystyrene. This indicates that 
the rate of the reaction of styrene is a function of the amount of poly- 
styrene available for addition. All of these facts indicate that the addi- 



tion of styrene to polystyrene is a normal addition reaction which requires 
no special hypothesis. 

There is no evidence available that seems to the authors to show that  the 
polymerization of styrene by ozonides or peroxides depends up011 the 
transfer of oxygen from the latter to the styrene, or that the decomposition 
of the ozonide or peroxide is an essential step in the mechanism of poly- 
merization. There is, of course, ample evidence that oxygen does add to 
alkene linkages and that ozonides polymerize, as shown for cyclohexene 
ozonide in this paper and as has been previousiy pointed out by numerous 
investigators. The role of the ozonide appears on the basis of the experi- 
mental results available to be no different from that of a metallic chloride 
such as tin for the catalysis of polymerization. Presumably the catalysts 
form a molecular complex with the styrene which is more labile toward 
polymerization than is styrene alone. 

Summary 

The course of the polymerization of styrene under a variety of condi- 
tions has been followed by determination of the viscosity of the solu- 
tion and of the weight and specific viscosity of polystyrene produced. 
The specific viscosity of the polystyrene was shown tc  reach a maximum 
after which there was a material decrease in the value of this physical 
constant. The polystyrene chains of greatest length, as measured by the 
specific viscosity, were formed under nitrogen a t  100'. Certain peroxides 
and especially diisobutylene ozonide were shown to be a much more 
active catalysts than oxygen for the polymerization of styrene. Poly- 
styrene after precipitation and drying retained its capacity to add styrene 
with the formation of chains of greater length. The significance of these 
facts in regard to the mechanism of catalysis and polymerization of styrene 
has been discussed. Certain experimental findings in regard to  the char- 
acteristics of cyclohexene ozonide have been presented. The activity 
of diisobutylene ozonide for the catalysis of the polymerization of benzal- 
acetone, dibenzalacetone, crotonalacetone, 2,4-hexadienal, ethyl sorbate 
and cyclohexadiene-1,3 has been demonstrated. 

MADISON, WISCONSIN RECEIVED SEPTEMBER 17, 1932 
PUBLISHED APRIL 6. 1933 
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The Grignard Reaction in the Synthesis of Ketones. 11. 
The Preparation of a Series of Mono- 

and Di-chlorodesoxybenzoins 
BY SANFORD S. JENKINS A N D  EDWIN M. RICHARDSON 

In the preceding article1 a new method of synthesizing desoxybenzoins 
(benzylphenyl ketones) by means of the Grignard reaction was described. 
It was found that these compounds could be prepared by the reaction of 
benzylmagnesium halides with primary benzamides and that quite satis- 
factory yields were obtained when the reactants, in the ratio of three to 
four equivalents of the former to one of the latter, were heated over suf- 
ficiently long periods of time. Although rearrangements are known to 
take place when benzylmagnesium halides are treated with certain sub- 
stances12 no evidence of any abnormal product was obtained in this work. 
By means of the Beckmann reaction1 the oximated derivatives were trans- 
formed into the corresponding anilides, the structures of which were es- 
tablished by comparison with authentic specimens. 

In  the present article eight mono- and di-chlorodesoxybenzoins, which 
were prepared and shown to be authentic by the methods outlined above, 
will be described. Thus by condensing o-chlorobenzamide and benzamide 
with benzylmagnesium chloride and o-chlorobenzylmagnesium bromide, 
benzyl o-chlorophenyl, o-chlorobenzyl phenyl and o-chlorobenzyl o- 
chlorophenyl ketones were prepared. In a similar manner benzyl fi- 
chlorophenyl13 p-chlorobenzyl pheny14 and p-chlorobenzyl p-chlorophenyl 
ketones were obtained from the corresponding amides and Grignard re- 
agents. Finally o- and p-chlorobenzamides were treated with o- and p- 
chlorobenzylmagnesium bromides to produce o-chlorobenzyl p-chloro- 
phenyl and p-chlorobenzyl o-chlorophenyl ketones (see Table I for prepara- 
tional data and constants of the ketones). 

Under the conditions of our experiments seven of the ketones produced 
single oximes which proved to be of the anti-benzyl types. From o-chloro- 
benzyl o-chlorophenyl ketone, however, both the syn- and anti-benzyl 
ketoximes were obtained. It is quite possible that syn types could be 
prepared from the other ketones as well by suitably varying the condi- 
tions. In a later communication we shall describe the results of an ex- 
tensive investigation dealing with the oximation of desoxy ketones in 

(1) Jenkins, THIS JOURNAL, 56, 703 (1933). 
(2) For references see Austin and Johnson, ibid., 64, 647 (1932); Gilman and Kirby, ibid., 64, 

345 (1932). 
(3) Benzyl fl-chlorophenyl ketone, which was prepared by means of the Friedel-Crafts reaction, 

and the corresponding oxime have been described by Szego and Ostinelli [Atl i  111 congress0 naz- chim. 
pura applicafa, p. 395-401 (1930); cf. C. A . ,  26, 1524 (1931)l. The compounds, if authentic, were 
impure, for the melting points given were over 5' too low. 

(4) Petrenko-Kritschenko [Ber., 25, 2239 (1892)l has described the preparation of p-chlorobeuzyl 
phenyl ketone but the melting point given was too low. 





which certain generalizations will be discussed. For the present, however, 
we are concerned with this study only as a means of further confirming 
the structures of the ketones (see Table 11). 

Experimental 
The amides were prepared by refluxing the corresponding acids on the water-bath 

with double the calculated amount of thionyl chloride until the evolution of hydrogen 
chloride and sulfur dioxide ceased. The excess of thionyl chloride was then distilled 
under reduced pressure and the crude acid chlorides poured into ice-cold ammonium 
hydroxide solution. The resulting amides were purified by crystallization from water. 
The method is convenient and the yields are satisfactory. 

The Grignard reagents were prepared arid the condensations carried out according 
to the method and technique described in article I' of this series. In  the present work 
i t  was found, however, that the yields could be improved and better products (not 
so yellow) obtained when the condensations were carried out in an atmosphere of hydro- 
gen. Bmploying this modification the yield of ketone H was increased from 55 to 72%. 
The yields reported were obtained by treating four equivalents of the Grignard reagents 
(0.10 to 0.20 mole) to  one equivalent (0.025 to 0.050 mole) of the amides. The yields 
were calculated on the basis of the amides employed and represent the product obtained 
after one crystallization from alcohol. The melting points of the once crystallized 
ketones were within two or a t  most four degrees of the fusing points (see Table I)  of the 
pure compounds. 

Ketone B was purified by recrystallization from ligroin (Skellysolve "C"), while 
D, E, I?, G and H were recrystallized from alcohol. 

The anilides, as obtained by rearrangement of the oximes, were obtained in yields 
of 55 to  SOYo. The structures of these substances were established by mixed melting 
points with authentic anilides prepared from the corresponding acids and amines. 

The oximes listed were all prepared by mixing 1.00 g. of ketone, 1.00 g. of hydroxyl- 
amine hydrochloride, 1.60 g. of potassium acetate (dried) and 30 cc. of %yo alcohol. 
The mixture was allowed to stand overnight and heated on the water-bath under reflux 
for three hours. To the solution hot water was then added until the potassium chloride 
dissolved and a faint opalescence appeared. On slowly cooling the oxirnes usually hys-  
tallized without difficulty. 

The crude oximes were obtained in yields of 90-99%. Oxiines A and F were re- 
crystallized from dilute alcohol (about while B, D, E, G and H were purified 
by recrystallization froin ligroin (Skellysolve "C"). In  order to  separate C1 and C2 

the following method (which may not be the best) was used: the mixture of crude oximes 
was dissolved in the smallest amount of slightly diluted (about 90%) alcohol and allowed 
to stand for several days a t  room temperature. When crystallization appeared to be 
complete, the oxime was separated and further purified in the same manner. By this 
means C2 (syn-benzyl isomer) was obtained. The mother liquors were combined and 
evaporated to dryness under reduced pressure. The solid was then recrystallized from 
ligroin. This product (C1) proved to be the anti-benzyl isomer. We are not certain 
that  either of these isomers is entirely pure but each of them was recrystallized until 
its melting point remained constant. The relative yields of syn and anti isomers seemed 
t o  vary with different batches of the crude mixture although the a?zti isomer was always 
obtained in the greatest percentage. 

The oximes were rearranged in the following manner: 0.50 g. of oxime was dissolved 
in 20 cc. of anhydrous ether and after cooling in an ice-bath the solution was treated 
with 1.0 g. of powdered phosphorus pentachloride. The mixture was then shaken for 
five minutes and poured into about 100 cc. of ice water. The ether was evaporated by 
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means of a stream of air, after which the crude anilide was filtered, washed with water 
and crystallized from alcohol. I n  the case of oxime C2 the purest anilide was obtained 
when the ether solution was refluxed on the water-bath for ten minutes. 

For comparison the anilides were prepared independently by heating 0.010 mole 
weights of the corresponding acids and amincs in an oil-bath a t  180-200" for two hours 
The anilides were crystallized from alcohol until pure. Anilides B and E have been 
described here tof~re .~  

o- and p-chlorophenylacetic acids were prepared according to the method of 
Mehlier The nitriles, however, were not purified but were hydroly~ed directly t o  the 
acids by refluxing with concentrated hydrochloric acid for four hours. 

The o-chlorobenzyiamine employed in this work was ubtaincd from o-ch:orobenza:- 
doxime according to the method of Franze11.~ The procedure was considerably short- 
ened, however, by steam distilling the crude amine rather than separating i t  from the 
ether solution as the carbonate. The chloroanilines and chlorobenzyl halides em- 
ployed in this work were purchased from the Eastman Kodak Company. 

The molecular weight determinations of B, D, E, F, G and H were made by means 
of the Rast method7 using borne01 instead of camphor. The Menzies-Wright boiling 
point methods was employed in cases A and C. 

The halogen analyses were made by the Parr bomb method. 
Ketones A and C were not pure as is evidenced by their analyses. Because of the 

small quantities available (about 8 cc. of each) it  was not feasible to purify them further. 

Summary 

The Grignard method of synthesizing desoxybenzoins, which was de- 
scribed in article I ,  has been extended. 

By condensing primary benzamides with benzylmagnesium halides 
under suitable conditions a series of eight mono- and di- chloro ketones 
has been prepared and studied. 

In no case was any evidence of an abnormal product observed in this type 
of Grignard reaction. 

Under the conditions of the experiments seven of the ketones produced 
only anti-benzyl oximes. From o-chlorobenzyl o-chlorophenyl ketone 
both syn- and anti-benzyl ketoximes were obtained. 

The oximes were rearranged by the Beckmann method and the struc- 
tures of the resulting anilides were established. 

In the course of this work twenty-one new compounds were obtained and 
characterized. 

BALTIMORE, MARYLAND RECEIVED SEPTEMBER 19, 1932 
PUBLISHED APRII, 6, 1933 

(5) Mehner, J .  prakf.  Chem., 62, 562 (1900). 
(6) Franzen, Ber., 38, 1415 (1905). 
(7) Rast, ibid. ,  866, 1051 (1922). 
(8) Menzies and Wright, THIS JOURNAL, 43, 2314 (1921). 
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Acetylene Polymers and their Derivatives. VIII. a-Alkyl- 
P-Vinylacetylenes 

BY RALPH A. JACOBSON AND WALLACE H. CAROTHERS 

Vinylacetylene is a prolific source of new and interesting compounds. 
The present paper is concerned with homologs of vinylacetylene, which are 
readily accessible through the mediacy of sodium vinylacety1ide.l Vinyl- 
ethinylmagnesium bromide reacts with very active alkyl halides such as 
triphenylchlor~methane,~ but not with simple alkyl halides. Sodium 
vinylacetylide on the other hand reacts almost explosively with simple 
alkyl halides. The reaction can be moderated, however, by employing 
low temperatures, and when the halide is cautiously added to the acetylide 
in liquid ammonia it proceeds smoothly and furnishes good yields of the a- 
alkyl-8-vinylacetylenes. Alkyl sulfates or sulfonates can be used with 
similar results. The properties of alkyl vinylacetylenes obtained by these 
methods are indicated in Table I. The compounds are colorless liquids 
with characteristic odors. On standing they slowly polymerize, yielding 
viscous, yellow sirups. 

TABLE I 
PHYSICAL PROPERTIES OF CH2=CH-C=C-R 

Nature of 
R B. p., OC. dY MR calcd. Ma found Exaltation 

CHa 59.2 a t  760 mm. 0.7401 1.4496 22.82 23.94 1.12 
CzHb 84.5-85.3 a t  758 mm. .7492 1.4522 27.44 28.82 1.38 
n-CdHp 62-63 a t  61 mm. .7830 1.4592 36.68 37.71 1.03 
n-C~H16 74.5 a t  9 mm. .7962 1.4606 50.53 51.65 1.12 

Experimental Part 
1-Methyl-2-vinylacetylene.-A one-liter, 3-necked flask was fitted with a mercury- 

sealed stirrer, a dropping funnel, and an exit tube. The exit tube was connected to a 
vertical condenser which in turn led to a gas-washing train consisting of an empty bottle, 
a second bottle containing water, and a third containing 10% sulfuric acid. The exit 
tube from the latter was connected to a calcium chloride drying tower and this in turn 
led to a receiver immersed in a Dewar flask maintained a t  -78". 

To a solution of 104 g. of vinylacetylene in 600 cc. of liquid ammonia was slowly 
added 58.5 g. (1.5 moles) of powdered sodamide. The mixture was stirred for three 
hours and then concentrated to approximately 300 cc. by evaporating the ammonia 
in a current of nitrogen; 189 g. (1.5 moles) of dimethyl sulfate was added slowly through 
the separatory funnel. The reaction was very vigorous and about four hours were re- 
quired for the addition. The ammonia was allowed to evaporate and the reaction flask 
was finally heated on a water-bath. Part of the 1-methyl-2-vinylacetylene collected in 
the first bottle and part in the second. The portions were combined, dried over calcium 
chloride, and distilled. Some low-boiling material came over first and then 37.6 g 
(38%) of 1-methyl-2-vinylacetylene was collected. It was a colorless, volatile liquid 
possessing a powerful hydrocarbon odor somewhat similar to that of vinylacetylene. 

(1) Carothers and Jacobson. THIS JOURNAL, 55, 1097 (1933). 
(2) Carothers and Berchet, ibid., 55, 1094 (1933). 
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Anal. Calcd. for CsHs: C, 90.91; H, 9.09. Found: C, 90.97; H, 8.63. Mol. wt. 
calcd.: 66. Found: 66.1, 66.3 (cryoscopic, benzene). 

1-Ethyl-2-vinylacetylene.-A solution of 104 g. (1.5 moles) of vinylacetylene in 
500 cc. of liquid ammonia was treated with 58.5 g. (1.5 moles) of powdered sodamide as in 
the preceding experiment. After three hours, 231 g. of diethyl sulfate was added slowly 
through the dropping funnel. The mixture was allowed to stand overnight while the 
ammonia evaporated. Water was added to the reaction flask and the upper layer, 
weighing 51 g., was separated. After drying with calcium chloride, the liquid was dis- 
tilled. A small amount of low-boiling liquid came over first, after which 37 g. of l-ethyl- 
2-vinylacetylene distilled. The product was a colorless liquid with an odor similar to 
that of I-methyl-2-vinylacetylene. 

Anal. Calcd. for CsI-Is: C, 90; H, 10. Found: C, 89.47, 89.73; H, 10.20, 9.44. 
Mol. wt. calcd.: 80. Found: 78.4, 79.5 (cryoscopic, benzene). 

I-Ethyl-2-vinylacetylene was also prepared by treating sodium vinylacetylide 
with ethyl @-toluenesulfonate according to the method recently employed by Truchet:' 
58.5 g. (1.5 moles) of sodamide was slowly added to a solution of 104 g. of vinylacetylene 
in 200 cc. of butyl ether a t  - 10" and the mixture was stirred for three hours. A solution 
of 300 g. (1.5 moles) of ethyl p-toluenesulfonate in 200 cc. of butyl ether was then added 
drop by drop during several hours. The thick mixture was heated in a water-bath a t  
SO0 for three hours and allowed to stand overnight. Water was added but such a 
troublesome emulsion formed that the mixture was set aside for twenty-four hours in a 
separatory funnel. The ether layer was separated, dried with calcium chloride, and dis- 
tilled. A considerable quantity of low-boiling material first distilled, and then a fraction 
weighing 45 g. and boiling a t  78-88" was collected. Upon redistillation 28.5 g .  (23.7%) 
of 1-ethyl-2-vinylacetylene boiling a t  84-85' was obtained. Of the two methods of pre- 
paring this compound, the first was the better. 

I-Butyl-2-vinylacetylene.-A solution of 100 g. of vinylacetylene in 400 cc. of 
liquid ammonia was treated with 39 g. (1 mole) of powdered sodamide. After three 
hours, 137 g. (1 mole) of butyl bromide was slowly dropped into the solution during 
about four hours. The mixture was aIIowed to stand overnight, water was added, and 
the upper layer separated. The liquid was dried with calcium chloride and distilled. 
The product was a colorless liquid with a characteristic hydrocarbon-like odor. The 
liquid polymerized during the course of three months to a yellow viscous sirup. 

Anal. Calcd.forCsH~z: C,88.88; H,11.12. Found: C,88.65; H, 10.76. Mol. 
wt. Calcd.: 108. Found: 103, 104 (cryoscopic, benzene). 

I-Heptyl-2-vinylacetylene.-A solution of 75 g. of vinylacetylene in 400 cc. of 
liquid ammonia was treated with 39 g. ( I  mole) of powdered sodamide. After three 
hours, 150 g. (0.84 mole) of heptyl bromide was slowly added during four hours. The 
mixture was allowed to stand overnight, water was added, and the upper layer (128 g.) 
separated. After drying with calcium chloride, the liquid was distilled; 101 g. of 1- 
heptyl-2-vinylacetylene was collected. Based on the heptyl bromide used, the yield 
was 80% of the theoretical. On standing for two months the liquid polymerized to a 
yellow viscous sirup. 

Anal. Calcd. for CllH18: C, 88.00; H, 12.00. Found: C, 87.65, 87.51 ; H, 11.55, 
11.81. Mol. wt. Calcd.: 150. Found: 143, 145 (cryoscopic, benzene). 

Summary 

Sodium vinylacetylide reacts with alkyl halides, sulfates, or sulfonates, 
yielding a-alkyl-0-vinylacetylenes. Compounds of the formula CH- 

(3) Truchet, ComQt. rend., 191, 854 (1930). 
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CH-CEC-R are described in which R is methyl, ethyl, n-butyl and 
n-heptyl. 

WILMINGTON, DELAWARE RECEIVED SEPTEMBER 21, 1932 
PUBLISHED APRIL 6, 1933 

Acetylene Polymers and their Derivatives. IX. 
1-Alkyl-2-chloro-l,3-butadienes and their Polymers 

(Fourth Paper on New Synthetic Rubbers) 

Chloroprene (I) polymerizes very rapidly to form a rubber-like product of 
excellent quality. 

1 2 3 4  
CH~=C-CH=CHZ (I) 

I 
C1 

Replacement of the hydrogen a t  the 3-position by methyl does not appreci- 
ably affect the rate of spontaneous polymerization, but the rubber-like 
product is somewhat deficient in exten~ibility.~ On the other hand, the 
introduction of methyl a t  both the 3- and the 4-positions greatly diminishes 
the tendency to polymerize, and the product, although highly extensible, 
is lacking in re~ilience.~ 

The present paper is concerned with chloroprenes in which a hydrogen 
in the 1-position has been replaced by alkyl. These compounds are readily 
obtained by the action of hydrogen chloride on the corresponding a-sub- 
stituted vinylacetylenes. The latter have already been de~cribed.~ 
Doubtless because of their lesser solubility in water they react more slowly 
with aqueous hydrochloric acid than does the parent hydrocarbon, which 
reacts practically completely when shaken for five hours a t  room tempera- 
ture with two moles of concentrated hydrochloric acid containing cuprous 
~h lor ide .~  Under the same conditions a-methylvinylacetylene is less than 
40% utilized. Reaction of the higher homologs is still slower, so that 
elevated temperature was needed for the butyl compound, and the heptyl 
compound required the addition of alcohol to function as a solvent. 

0 R The physical properties of the new homologs of chloro- 
prene are indicated in Table I. They are colorless liquids o$? cl with characteristic odors. Like chloroprene, they react 
with a-naphthoquinone to form addition products, which 
are readily oxidized to a-alkyl-0-chloroanthraquinones 

o (11) (11), and their identity is established by this reaction. 
(1) Carothers, Williams, Collins and Kirby, THIS JOURNAL, 63, 4203 (1931). 
(2) Carothers and Coffman, ibid., 84, 4071 (1932). 
(3) Jacobson and Carothers, ibid. ,  66, 1622 (1933). 
(4) Carothers, Berchet and Collins, ibid., 64, 4066 (1932). 



(1) (2) 
No additions to systems of the type alkyl-C=C-CH=-CHz have been 

recorded hitherto. It is therefore of interest to observe that the result 
of adding hydrogen chloride under the conditions described is to place H 
at  (1) and C1 a t  (2), but in view of the mechanism already established for 
vinylacetylene4 i t  seems probable that the first product is alkyl-CH=C=- 
CH-CH2Cl, which then rearranges to the substituted chloroprene. In 
any event, current theories, either empirical or electronic, do not appear to 
accwtnt for this result. 

PROPERTIES OF CHz=CH-CCl=CH-R 
Nature of P.ressure ,g . MR MR Exalta- 4 R B. p., O C .  xn mm. Calcd. Found tion 

H1 59.4 760 1.4583 0.9563 24.61 25.27 0.66 
CHJ 99.5-101.5 759 1.4785 ,9576 29.22 30.32 1.10 
CzHs 68.2-69 117 1.4770 .9390 33.84 35.05 1.21 
n-CaH9 64-65 18 1.4794 .9366 43.04 43.77 0.73 
n-C?HI) 74-76 1 1.4785 .9141 56.93 57.79 0.86 

Polymerization of the Substituted Ch1oroprenes.-Chloroprene polymerizes prac- 
tically completely to an elastic, rubber-like mass in forty-eight to eighty hours when di- 
rectly illuminated by a 150-watt Mazda lamp a t  30 to 35'. The substituted chloro- 
prenes listed in Table I all polymerize much more slowly. The methyl compound re- 
quires about six or seven weeks, and the higher members of the series require still longer 
times. The products, with the possible exception of that derived from the heptyl com- 
pound, are definitely rubber-like but much inferior in quality to polychloroprene. The 
product from the methyl compound is the best. Polymerization under direct light from 
a 150-watt Mazda lamp during one month a t  the ordinary temperature gave a soft mass 
containing a considerable proportion of unchanged monomer. The polymer precipi- 
tated by the addition of alcohol was a soft, plastic mass resembling milled smoked sheets. 
I t  was compounded with 10% of its weight of zinc oxide and then heated a t  120" for 
twenty minutes. The plastic properties were quite largely suppressed by this treat- 
ment, but the product appeared to be incompletely vulcanized. I t  was strong and 
tough and had a high extensibility, but it recovered from stretch rather slowly, and was 
deficient in resilience. Vulcanizates obtained from higher members of the series were 
still softer and more deficient in resilience. 

Preparation of 1-Alkyl-2-chloro-1,3-butadienes.-The general procedure was simi- 
lar to that already described for chloroprene.4 One mole of the hydrocarbon was shaken 
with approximately 2.2 moles of concentrated aqueous hydrochloric acid containing 
about 0.25 mole of cuprous chloride and 0.2 mole of ammonium chloride. The non- 
aqueous layer was separated, stabilized with hydroquinone and distilled; or, in some 
cases, the reaction mixture was distilled with steam after the addition of hydroquinone. 
The reaction time varied from five to sixteen hours and the temperature from 23 to 

ANALYTICAL DATA FOR THE 1-ALKYL-2-CHLORO-1,3-BUTADIENES 
Mol. wt. 

Nature of P Calculated . ------Found------. (cryoscopic 
alkyl C H C1 Mol. wt. C H C1 in benzene) 



45'. The product in each case appeared to consist entirely of the substituted chloro- 
prene and the unchanged hydrocarbon. Yields were good, but conversions were not 
complete. No appreciable addition could be obtained with the heptyl compound in 
aqueous solution, but a fair conversion was obtained when the hydrocarbon was shaken 
with 3.4 moles of hydrochloric acid in ethyl alcohol with 0.35 mole of cuprous chloride 
and 0.44 mole of ammonium chloride for five hours a t  70 to 80 O .  

Condensation of Naphthoquinone with the 1-Alkyl-2-chloro-1,s-butadienes.- 
The substituted chloroprenes were each heated with a-naphthoquinone in the ratio of 
about 1 g. to 0.5 g. a t  100° for about two hours. Alcohol containing sodium hydroxide 
was added, and air was bubbled through the resulting suspension. The solids were 
crystallized as indicated below and were thus obtained in the form of yellow crystals 
(generally needles). 

SUBSTITUTED ANTHRAQUINONES OF FORMULA I1 
Calcd. Found 

R = Cryst. from kf. p., O C .  C H C H 

CHI Acetic acid 181 70.19 3.51 70.16 3.50 
CzH6 Alcohol 151-152 70.99 4.06 70.93 4.18 
n-C4Hs Methanol 129-130 72.37 5.03 71.83 5.16 
n-C?Hlf Alcohol 112.5-113.5 74.02 6.17 74.12 6.40 

" In this case the intermediate tetrahydro compound was isolated, probably 1- 
heptyl-2-chloro-4,4a,9,9a-tetrahydro-9,10-anthraquinone; white crystals from methanol, 
m. p. 96-98'. 

Anal. Calcd. for CzlHzsOzCl: C, 73.16; H, 7.26. Found: C, 72.48; H, 7.44. 

Polymerization of the I-Alkyl-2-chloro-1,3-butadienes 

1-Methyl-2-chloro-l,3-butadiene.-A sample of I-methyl-2-chloro-l,3-butadiene 
was exposed a t  room temperature to an ordinary incandescent light (150-watt Mazda) 
for one month. During this period the liquid increased in viscosity-slowly a t  first, 
but more rapidly later-until a soft, transparent, elastic, rubber-like solid was obtained. 
The rubber-like solid was macerated with alcohol to remove monomer and polymers of 
low molecular weight. The residual polymer was a tough, rubbery, plastic material. 
Ten per cent. by weight of zinc oxide was incorporated by means of steel rolls and the 
plastic mass then heated a t  120' for twenty minutes. The product was strong, tough 
and elastic, but recovery from stretch was rather slow. 

A sample of 1-methyl-2-chloro-1.3-butadiene was exposed to a 150-watt Mazda 
light a t  30-35' for six and one-half weeks. The liquid progressively increased in vis- 
cosity until finally a pale yellow rubbery solid was obtained. This product was more 
completely polymerized than the product of the preceding experiment. The polymer 
was highly elastic and resembled cured natural rubber. 

1-Ethyl-2-chloro-1,3-butadiene.-A sample of 1-ethyl-2-chloro-1,3-butadiene was 
exposed to the light of a 150-watt Mazda lamp a t  30 to 35' for about four weeks. The 
product was a pale yellow, transparent, viscous sirup. This was macerated with a large 
volume of alcohol to remove unchanged monomer. The soft, sticky, coherent mass that 
remained undissolved by the alcohol was mixed with 10% of zinc oxide and heated in a 
mold for twenty minutes a t  120'. The product was a tough, elastic material resembling 
the vulcanized product obtained from 1-methyl-2-chloro-l,3-butadiene, but it was 
softer and less resilient. 

I-Butyl-2-chloro-1,s-butadiene.-A sample of 1-butyl-2-chloro-l,3-butadiene, 
when allowed to stand a t  the ordinary conditions in a stoppered bottle, after nine and 
one-half months had changed to a thick, sticky, brown sirup. Precipitation with alco- 
hol then gave a 60% yield of rather soft, rubber-like material. The reaction was accel- 
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erated by light. A sample directly exposed to a 150-watt Mazda lamp a t  30 to 35O for 
six weeks had changed to a yellow, viscous, sirup. After five weeks more it was consider- 
ably thicker. I t  was washed with alcohol and the residual sticky solid was mixed with 
zinc oxide. I t  vulcanized very incompletely on being heated. 

A sample of 1-butyl-2-chloro-1,3-butadiene was subjected to a pressure of GOO0 
atmospheres a t  38". At the end of ninety-six hours it had polymerized to a transparent, 
soft, sticky solid; 90% of this solid was now insoluble in alcohol. The portion insoluble 
in alcohol was mixed with 10% of its weight of zinc oxide, 2% of stearic acid, and 1 yo of 
benzidine and then heated a t  120°. The physical properties of the product indicated 
that it was very incompletely vulcanized. I t  was elastic but rather weak and somewhat 
sticky. 

1-Heptyl-2-chloro-l,3-butar3iene.-A sample of this diene showed no apparent 
change in color or viscosity when allowed to stand a t  the ordinary conditions for nine 
months. Polymerization occurred slowly when a sample was exposed to Sight from a 
Mazda lamp a t  30 to 35O. After three and one-half weeks the sample had changed to a 
colorless, transparent sirup. After six more weeks it had become thick and very vis- 
cous. It was finally washed with alcohol and attempts were made to vulcanize the in- 
soluble polymer in the presence of zinc oxide. The product was soft and sticky. 

A sample of I-heptyl-2-chloro-l,3-butadiene was subjected to a pressure of 6000 
atmospheres a t  38'. At the end of ninety-six hours it had polymerized to a transparent, 
sticky, elastic mass. Only 4y0 of the material was soluble in alcohol. The alcohol- 
insoluble polymer was mixed with 10yo of zinc oxide, 2% of stearic acid, and ly0 of 
benzidine and heated at  120'. The product was a sticky solid possessing very slight 
elasticity. 

Acknowledgment.-We are indebted to Dr. H. W. Starkweather for 
the experiments at  high pressure. 

Summary 

Substituted chloroprenes of the formula CHz=CH-CCl=CH-R in 
which R is methyl, ethyl, n-butyl and n-heptyl are described. These 
compounds aU polymerize much*more slowly than chloroprene and the 
polymers, though rubber-like, are inferior in quality to polychloroprene. 
The methyl compound polymerizes most rapidly and yields the best poly- 
mer, but compared with polychloroprene the polymer is lacking in re- 
silience. 

Substituted anthraquinones derived from the substituted chloroprenes 
are described. 

WILMINGTON, DELAWARE RECEIVED SEPTEMBER 28, 1932 
PUBLISHED APRIL 6, 1933 



1628 WALLACE H. CAROTHERS AND GERARD J. BERCHET V0l. 55 

Acetylene Polymers and their Derivatives. X. The 
Chlorination of the Hydrochlorides of Vinylacetylene 

BY WALLACE H. CAROTHERS AND GERARD J. BERCHET 

The action of hydrogen chloride on vinylacetylene gives rise to the two 
monohydrochlorides, chloro-4-butadiene-1,2 (I) and chloroprene (11), and 
the dihydrochloride, dichloro-2,4-butene-2 (111) .l 

HCI 
CH-C-CH=CHz --+ CHz=C=CH-CHzC1 -+ 

. . 
HCI 

CH~=CCI-CH=CHZ ---+ CHa-CCI=CH-CH2CI 
(11) (111) 

All of these compounds react rapidly with chlorine and we now record some 
observations on the products to which they lead. 

Chloro-4-butadiene-1,2 in a series of experiments was chlorinated under 
various conditions and the combined distillable product was redistilled 
through an efficient column. Most of the material segregated into two 
fractions, one boiling a t  40 to 41° a t  10 mm. and the other a t  64 to 65O a t  
10 mm. Each had the composition C ~ H S C ~ ~ .  The lower boiling com- 
pound on oxidation with permanganate yielded a,P-dichloropropionic acid 
as the only recognizable product, and was thus identified as trichloro-1,2,3- 
butene-3 (IV). The higher boiling compound when similarly oxidized 
yielded only chloroacetic acid. The compound was therefore trichloro- 
1,3,4-butene-2 (V). The two compounds evidently arise by the addition 
of chlorine at the interior and the terminal members of the pair of con- 
tiguous double bonds. Other allenes have been observed to behave in a 
similar manner.2 

7 
CH2=CCI-CHCI-CHzCI 

CH~=C=CH-CHZC~ (Iv) CHZC~-CC~~-CHCI-CHZC~ 
CHzCl-CCI=CH-CHZCI 7 (VII) 

(V) 
Further experiments showed that although the two trichlorobutenes were 
the principal products when one mole of chlorine was added to chloro-4- 
butadiene-1,2, the ratio in which they were formed varied considerably with 
the conditions used. At 40 to 50' the 1,3,4-compound predominated, 
a t  - 60 to - 70' the 1,2,3-compound. Saturation of chloro-bbutadiene- 
1,2 with chlorine led to a compound having the composition C4H6C16. 
In view of its origin it may be assigned the formula pentachloro-1,2,3,3,4- 
butane (VII). 

In all of the chlorinations of chloro-4-butadiene-l,2 a considerable frac- 
tion (up to about 20% of the total product) consisted of undistillable ma- 

( 1 )  Carothers, Berchet and Collins, TeIs JOURNAL, 64, 4066 (1932). 
(2) Bouis, Ann. chin..  [lo] 9, 451 (1928). 
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terial. In  the chlorination of chloroprene (1 mole : 1 mole) the proportion 
of undistillable product was still greater (up to about 50y0). The distil- 
lable product formed either a t  40 to 50' or a t  - 60 to - 70' was a diflicultly 
separable mixture, but the principal fraction (25 to 30y0 of the total 
product) was closely similar in its physical properties to the compound al- 
ready identified as trichloro-l,3,4-butene-2. This obviously might arise 
from chloroprene by a process of 1,4 addition. 

The chlorination of dichloro-2,4-butene-2 leads to the formation of 
triddoro-l,2,3-butene-3 (IV), tetracliloro-l,2,3,3-butane (VI) and penta- 
chloro-1,2,3,3,4-butane (VII). This series of products might be accounted 
for as follows 

CCI2 
CH2=CCl-CHCl-CH2Cl ---+ ClCH2-CC12-CHCl-CH2Cl 

(IV) (VII) 

The isolated tetrachlorobutane however is a stable compound, that is, 
i t  shows no tendency to lose hydrogen chloride spontaneously. More- 
over, a very curious feature of the reaction lies in the fact that a t  elevated 
temperature (e. g., 40 to 60') very little hydrogen chloride is evolved 
and the predominating pi-oduct is the tetrachlorobutane; a t  low tempera- 
tures (e. g., -60 to -70°), on the other hand, hydrogen chloride is formed 
in copious amounts, and the predominating product is the trichlorobutene 
or the pentachlorobutane, depending upon the amount of chlorine applied. 
It appears therefore that the trichlorobutene does not originate from the 
tetrachlorobutane as such, but that both of these compounds arise from a 
common prior intermediate. Such an intermediate 
might be VIII, which wot~ld be formed by the addi- C1 

I - 
tion of the chlorine molecule a t  the deficient carbon CHs-C-CH-CH2Cl 
in the active form of the double bond.3 Rearrange- t CIS- 
ment of this intermediate would lead directly to I 
tetrachlorobutane; loss of hydrogen chloride followed c1 

(VIII) 
by rearrangement would lead to trichlorobutene. A 
sufficient difference in the temperature coefficients of the primary processes 
would account.for the observed facts. 

The above statements in regard to the influence of temperature on the 
chlorination of dichloro-2,4-butene-2 are illustrated by the following ex- 
periments. 

One mole (125 g.) of the dichlorobutene in a flask cooled with a slush of 
solid carbon dioxide and acetone was treated with chlorine gas until 1.33 
moles of chlorine had been absorbed. The mixture was allowed to warm 
up while a slow stream of air was passed through it to remove dissolved 

(3) Carothers, THIS JOURNAL, 46, 2227 (1924). Evidence that chlorinations involve primarily 
attack by the chlorine molecule has been presented by Soper and Smith, J. Chem. Soc., 1582 (1926). 



gases. During this operation there was a sudden and very copious evolu- 
tion of hydrogen chloride. The loss in weight corresponded with the 
evolution of 0.9 mole of hydrogen chloride. The hydrogen chloride 
collected and titrated was only 0.73 mole, but some was lost owing to 
the suddenness of the evolution. Distillation of the mixture gave 

Trichloro-l,2,3-butene-3 0.440 mole 
Tetrachloro-l,2,3.3-butane 0.089 mole 
Pentachloro-1,2,3,3,4-butane 0.198 mole 

The rest (0.273 mole) was contained in intermediate fractions and residue; 
the latter comprised 10.3% of the total product. If the losses are dis- 
tributed proportionately among the three chief fractions, the percentage 
yields of these are 
Trichlorobutene 60.6% Tetrachlorobutane 12.2% Pentachlorobutane 27.2% 

Since in the formation of the pentachloro compound the trichloro com- 
pound is a necessary intermediate, 88% of the dichlorobutene was con- 
verted to the trichlorobutene, and only 12.2y0 to the tetrachlorobutane. 

One mole (250 g.) of the dichlorobutene was chlorinated a t  ordinary 
temperature, the rate being controlled so that the temperature of the mix- 
ture was between 45 and 60'. The increase in weight corresponded with 
the absorption of 0.61 mole of chlorine, and a t  the same time 0.36 mole of 
hydrogen chloride was liberated. Distillation of the mixture gave 

Trichloro-l,2,3-butene-3 0.207 mole 
Tetrachloro-1,2,3,3-butane 0.343 mole 
Pentachloro-1,2,3,3,4-butane 0.100 mole 

Chlorination in this case was incomplete and there was considerable loss in 
residue and intermediate fractions, but the data show that the yield of 
tetrachlorobutane was greater than the combined yields of the trichloro 
and the pentachloro compounds. Further experiments showed that by 
careful adjustment of the amount of chlorine applied a t  low temperatures 
the isolated yield of trichloro-1,2,3-butene-3 could be raised to 80y0, while 
a t  high temperatures the yield did not exceed 25%. 

Oxidation of Trichloro-1,2,3-butene-3.-Twenty grams of the com- 
pound was stirred with 200 cc. of water while 70 g. of potassium perman- 
ganate was added in portions. The alkaline solution was filtered, treated 
with sulfur dioxide, filtered, acidified and continuously extracted with 
ether for nine hours. Evaporation of the ethereal solution gave 8.5 g. of 
acidic oil which distilled a t  125' a t  25 mm. It was identified as a, p-di- 
chloropropionic acid by its melting point (49-50') and its neutralization 
equivalent (calcd., 143 ; found, 141.1). 

Oxidation of Trichloro-1,3,4-butene-2.-Oxidation of this compound 
under the same conditions as those described above gave chloroacetic acid 
as the only product. It was identified by its melting point (63'), mixed 
melting point and neutralization equivalent (calcd., 94.5; found, 95.1). 
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CHLORINATION PRODUCTS 

Structural B; P., MR MR 
formula Name C. Mm. 4 ng Calcd. Found 

IV 'Trichlloro-1,2,3-butene-3 40-41 10 1.3430 14944 34.78 34 72 
V Trichloro-l,3,4-butene-2 64-65 10 1.3843 1 5175 34.78 34 89 
VI Tetrachloro-1,2,3,3-butane 90 32 1.4204 1.4958 40.14 40.25 

55-57 10 
VII Pentachloro-1,2,3,3,4-burane 85 10 I .  5543 1.5157 45.01 44.77 

Anal. 
Calcd. Found 

Empirical formula C H C1 C H C1 

IV CJIsCb 30.09 3.13 66.77 29.95 3.30 66.34 
V C4H6els 30.09 3.13 66.77 29.09 3.01 67.33 
VI C4HeCls 72.40 71.83 
VII C4H6C16 20.82 2.16 77.00 21.22 2.36 77.05 

Summary 

Chlorination of chloro-4-butadiene-l,2 gives mixtures of trichloro-1,2,3- 
butene-3 and trichloro-l,3,4-butene-2 which react further to produce 
pentachloro-1,2,3,3,4-butane. The chlorination of chloroprene (chloro-2- 
butadiene-1,3) gives considerable amounts of trichloro- l,3,4-butene-2. 
The chlorination of dichloro-2,4-butene-2 a t  40 to 60' proceeds with little 
loss of hydrogen chloride, and the product formed in largest amount is 
tetrachloro-1,2,3,3-butane. At low temperatures (-60 to -70°) large 
amounts of hydrogen chloride are liberated during the chlorination, and the 
principal products are trichloro-l,2,3-butene-3 and pentachloro-1,2,3,3,4- 
butane. 

WILMINGTON, DELAWARE RECEIVED SEPTEMBER 28, 1932 
PUBLISHED APRIL 6, 1933 



[CONTRIBUTION FROM CONVERSE MEMORIAL LABORATORY, HARVARD UNIVERSITY] 

The Course of Addition of the Sodium Enolates of Malonic 
and Methylmalonic Esters to Benzalacetophenone and to 

Crotonic Ester 

BY ARTHUR MICHAEL AND JOHN ROSS' 

J. F. Thorpe2 found that the addition product from sodium en01 a- 
cyanopropionic ester and P,P-dimethylacrylic ester gave a,P,P-trimethyl- 
glutaric acid upon complete acid hydrolysis. From this result, he con- 
cluded that the methyl, not the sodium, of the addendum migrated in the 
reaction. This conclusion was not proved experimentally; the same 
glutaric derivative would be formed if the sodium had migrated to the 
a- A-carbon of the substituted acrylic ester, or to the A-oxygen of the 
adjacent carbethoxyl, with corresponding changes in the positions of un- 
saturation 

With a normal course of addition, the free ester from the addition 
product of sodium en01 methylmalonic ester and crotonic ester, and that 
formed by methylation of sodium en01 a-carbethoxy-P-methylglutaric 
ester, should be identical. Examination of the reactions3 showed that 
isomeric compounds are formed. This anomalous isomerism was explained 
by Michael and Ross4 by the synthesis of the enolate of the first compound 
from sodium en01 malonic and tiglic esters 

HaCCH=C(CHs)COOEt H3C-CHCH(CHs)COOEt 
f 

EtOOCC-H + 1 
CCOOEt 

II 
(A) 

C(0Na)OEt 
I 
C===(ONa)OEt 

The synthesis of enolate A from sodium en01 methylmalonic and crotonic 
esters could take place directly only by migration of the methyl of the 
former, but an isomer of A might be formed by that of its carbethoxyl, which 
might rearrange to A. It was concluded that the methyl shifted. Cor- 
responding results were noted with analogous enolates and with other 

Holden and Lapworth6 have recently advanced a different interpretation 
of the course of the methylmalonic enolate-crotonic ester reaction. They 
assumed that Na- and -C(CH3) (C0OEt)z functioned as addendum 

(1) A preliminary communication appeared in  THIS JOURNAL, 54, 408 (1932). 
(2) Thorpe, J .  Chem. SOL, 77, 923 (1900). 
(3) Michael, Ber., 33, 3731 (1900). 
(4) Michael and Ross, THIS JOURNAL, 52, 4598 (1930). 
(5) Michae! and Ross, ibid., 53, 1150 (1931). 
( 6 )  Holden and Lapworth, J. Chem. Soc., 2368 (1931). 
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parts. Without implication of the sodium, they represented the course 
of reaction after the primary normal addition phase (I), as follows 

Experiment and theory combine to make this view improbable. It had 
I_ u e ~ n  - shown that methylmalonic ester forms I when it reacts with crotonic 
ester in the presence of a little sodium ethoxide7 and that I is also formed8 

by methylating the sodium enolate of /3-methyl-7-carbethoxyglutaric ester; 
further, on treatment with sodium ethoxide, that I undergoes almost 
quantitative fission into sodium en01 methylmalonic and crotonic esters. 
Under these conditions, according to the interpretation of Holden and Lap- 
worth, I should be converted into the sodium enolate of the tetracyclic 
ketone I1 and then into that of the open-chain ester 111. The latter should 
undergo retrogression with sodium ethoxide to a considerable extent, with 
formation of tiglic not crotonic ester, but in the reaction in question the 
appearance of crotonic ester only was detected, nor was tiglic ester formed 
on refluxing I in ether solution with sodium ethoxide for several hours. 

I t  has been shown experimentally, in agreement with the law of chemical 
neutralization, that such additions can take place only with degradation of 
free chemical energy. In these reactions, this is determined by the 
magnitude of neutralization of the positive chemical energy of the metallic 
atom of the enolate and, hence, addition is possible only when the energy of 
the metal is better neutralized in the addition product than in the original 
enolate. In the great majority of these reactions, the migration of the 
metal of the enolate would result in an increase of its free chemical energy. 
In agreement, it has been proved experimentally

g 
that the hydrogen, not the 

sodium, of the -CONa-CH- group in the enolate migrates in such addi- 
tions, provided a better neutralization of the metal is thereby obtained.1° 

Holden and Lapworth assumed that the metal of sodium en01 methyl- 
malonic ester united with the a-A-carbon of crotonic ester, or with the 
A-oxygen of the adjacent carbethoxyl, with positional rearrangement of 
unsaturation and the residual radical of the enolate united with the /I- 
A-carbon to form IV. Intramolecular condensation of the Dieckmann 
type was now accepted and the reaction proceeded with elimination of 

(7) Michael and Ross, THIS JOURNAL, 62, 4601 (1930). 
(8) Michael, ibid., 62, 3749 (1930). 
(9) For literature on the subject, see Michael, ibid., 62,4599 (1930); 63, 1150 (1931). 
(10) From the formation of a,y-dimethyl-y-cyanoglutaric ester upon methylation of the addition 

product from sodium en01 cyanoacetic and a-methylacrylic esters, Thorpe2 concluded that the a-hydro- 
gen, not the sodium, of the enolate migrated in the reaction. The conclusion was not proved conclu- 
sively by the result of this experiment. If the sodium had migrated, an enolate of a monocarbethoxy 
group would have been formed, which would have rearranged spontaneously to the enolate of the 
cyanocarbethoxy group and this derivative would give the a,ydimethyl ester obtained by Thorpe. 



alcohol to form the tetracyclic structure V, followed by addition of alcohol 
to form the open-chain enolate VI: 
CHaCH=CHCOOEt CH3CHCH==C(ONa)OEt + -+ 1 ---+ 

CHsC=C(ONa)OEt CH3C(COOEt)2 
I 

CHsCH-C=C(ONa)OEt CHsCH-C=C(ONa)OEt 
I  I I I  

CHaC-CO CHICH COOEt 
I 
COOEt 

v 
I 
COOEt 

VI 

The intermediate production of IV would mean that the sodium would 
leave its original position in the enolate of the dicarboxylic ester group of 
methylmalonic ester to form the enolate of a monocarboxylic ester group. 
Such a change is impossible, since it would imply an increase in the chemical 
energy of the sodium and the addition could not proceed with degradation 
of chemical energy. Again, there is experimental evidencel1 that an enolate 
with the structure of IV would retrograde spontaneously into crotonic 
and sodium en01 methylmalonic esters. In the conversion of IV to V, 
an intramolecular condensation to a tetracyclic derivative was assumed, 
although all attempts to realize a tetracyclic enolate synthesis have been 
without success. Further, V should rearrange mainly to the intramolecu- 
larly, better neutralized enolate, in which the sodium is located a t  the 
y-carbonyl group. This compound could not give VI by addition of 
alcohol, since the free chemical energy of the sodium would become thereby 
decidedly less neutralized. Even the conversion by alcohol addition of V 
to VI is theoretically improbable, since the free chemical energy of its 
sodium would become much less neutralized than in the stable enolate of V. 

Holden and Lapworth support their interpretations by an examination 
of the reaction between sodium en01 methylmalonic ester and benzalaceto- 
phenone (chalcone) in boiling benzene solution. Only products connected 
with retrogression, benzoylacetic (XI) and a-methylcinnamic (X) esters 
(45% of calcd.), were isolated. The reaction was expressed as 
CsH5CH=CHCOCeHa C+~H~CH--CH~COC~HK C+~H~CH-CHCOCBHK + + I + I I  --+ 

CH3CH(COOEt)2 CHaC(C0OEtL CHIC-CO 
I 

VII 
COOE~ 

VIII 

I I I I  I 
CH3CH COOEt CHBC-COOEt COOEt 

I 
C O O E ~  
IX X XI 

(11) Michael and Ross, THIS JOURNAL, 62, 4602 (1930). 
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It was considered that the sodium derivative of the normal addition 
product (VII) would be formed in the first instance and that there would 
then occur indirectly an exchange of a 7-COOEt for an a-hydrogen, yield- 
ing ester IX, with possibly the ketonic ester VIII as the intermediate step. 
The experimental results were regarded as conelusive evidence of an 
indirect exchange of position .of a carbethoxy group of VII with an a- 
hydrogen and as demonstrating that the proof offered by Michael and 
Ross for the mechanism of the sodium en01 methylmalonic-crotonic esters 
additioii is "fallacious." 

We have found that in the presence of piperidine, or of a small amount 
(0.1 mole) of sodium ethoxide, methylmalonic ester adds readily to chal- 
cone to give approximately an 80% yield of VII, a-methyl-a-carbethoxy- 
0-phenyl-7-benzoylbutyric ester. However, the action of sodium ethoxide 
(1 mole) or of metallic sodium (1 mole) on ester VII causes almost complete 
retrogression in the cold to give sodium en01 methylmalonic ester (90%) 
and chalcone, perhaps with a trace of benzoylacetic ester, as the product 
gives a slight color reaction with ferric chloride. Evidently, this result 
is directly opposed to the interpretation of Holden and Lapworth, but 
agrees with our previous observations that enolates of compounds of the 
type of alp-dimethyl-a-carbethoxyglutaric ester (I) undergo retrogression 
to the original additive components. 

Holden and Lapworth have not taken into consideration the extraor- 
dinary tendency of chalcone to form addition compounds involving two 
of its molecules with one of an addendum. Kostanecki and Tambor12 
obtained compound XI1 by the addition of acetophenone to chalcone. 

Kohler, Graustein and Merrill13 found that it was difficult to prevent 
the formation of the "trimolecular" compound XI11 in the addition of 
cyanoacetic methyl ester to chalcone, even when sodium ethoxide was used 
in small amount. 

Dieckmann and Kron,14 through the action of one mole of sodium en01 
malonic ester on two moles of chalcone, obtained a crystalline compound 
to which they assigned the hexacyclic structure XVIII. 
a-Carbethoxy-P-phenyl-y-benzoylbutyric ester (XIV), formed by the 

addition of malonic ester to ~ h a l c o n e , ~ ~  may add to the latter in two ways, 
to give compounds XV and XVII, respectively. In the presence of sodium 
(12) Kostanecki and Tambor, Ber., 29, 1495 (1896). 
(13) Kohler, Graustein and Merrill, TaIs JOURNAL, 44, 2536 (1922) 
(14) Dieckmann and Kron, Ber., 41, 1277 (1908). 
(15) Kohler, Am. Chem. J., 46, 482 (1911). 
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ethoxide, each of these may undergo condensation to a hexacyclic deriva- 
tive; thus XV, by elimination of water, to give XVI, and the sodium 
enolate of XVII, to give the sodium enolate of XVIII by the elimination of 
alcohol : 

CeHsCHCH2COCeHs CJiTsCH-CHz 
I - Hz0 

(EtO0C)zC 
I I --+ (Et00C)zC CCeH5 

I 
CeH6CHCHzCOCeHs 

I I1 
Ce.HSCHCH2COCsHs CaH6CH-CCOCeHj 

I XVI 

CeH6COCH-CHC6Hs 
-EtOH I I 

CsHsCH CHzCOCsHs - CsHsCH CHCOCeHh 
I 
CH(CO0Et)z 

I I 
CH-CO 

XVII I 
COOEt 
XVIII  

We have reexamined the action of sodium en01 malonic ester on chalcone 
and have found that the compounds XVI, XVIII and XVII can be readily 
obtained. The formation of XVI, 1,3,5-triphenyl-2-benzoyl-4,4-dicarb- 
ethoxycyclohexene-1, is favored by an excess of sodium ethoxide and the 
absence of alcohol. The enolate of XVIII, 1,5-diphenyl-2,6-dibenzoyl-4- 
carbethoxycyclohexanone-3, is formed in the action of chalcone on XIV in 
the presence of slightly less than one equivalent of sodium ethoxide. To 
obtain XVII strict attention must be paid to the purity of the reagents and 
to the concentration of the sodium ethoxide. This open-chain ester (XVII) 
is partially converted by sodium ethoxide into the enolate of the cyclic 
keto ester XVIII and, conversely, ester XVIII, upon treatment with 
sodium ethoxide, passes over to a very considerable extent into the sodium 
enolate of XVII. In these introconversion reactions, a small amount of 
the neutral, cyclic, compound XVI is also formed. 

Ester VII can form only compound XIX with a second molecule of 
chalcone. In the presence of sodium ethoxide, this open-chain derivative 
may be expected to yield a mixture of the two possible enolates of the 
cyclic ketone XX. According to the results of Dieckmann16 on the point 
of rupture between carbon atoms in analogously constituted enolates, 
ring-fission of the enolates of XX by alcohol should lead to enolate XXI, 
and this upon retrogression should give a mixture of chalcone, a-methyl 
cinnamic and sodium en01 benzoylacetic esters. These are the products 
obtained by Holden and Lapworth from sodium en01 methylmalonic ester 
and chalcone in boiling benzene solution. The intermediate cyclic enolate 
formed in this reaction must be an extremely labile substance, for, as stated 
below, practically the same amounts of the retrogression products are 
formed on standing of the mixture in cold ether as in boiling benzene. 
The above reactions are represented in the following scheme 

(16) Dieckmann, Ber., 33, 2670 (1900). 
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CeH6CHCH2COC6Hs CsHbCOCH-CHCsH6 CEH~COCH-CHC6Hs EtONa 
I -+ I I -+ I I - 

CH3C(COOEt)z C6HsCH CHzCOC6Hb CeHeCH CHCOC6H6 
VII I 

CH3C(COOEt)2 
XIX I 

COOEt XX 

I I 
C H I ~ H  COOEt CsH6CH=C(CHs)COOEt 

I 
COOEt XXI 

Attempts were made to prepare compounds XIX and XX, in order to 
examine their behavior toward sodium ethoxide. The products obtained 
by the action of sodium en01 methylmalonic ester upon chalcone in cold 
ether solution were sodium en01 benzoylacetic and a-methylcinnamic esters 
(50% approx.) and about 30% of a sirupy material of high molecular 
weight. From this sirup, a very small quantity of a crystalline solid was 
isolated which analyzed approximately for ester XIX, but i t  was ob- 
tained in too small an amount for further examination. Addition of 
chalcone to ester VII, using sodium ethoside, gave similar results and no 
increase of the supposed ester XIX. In the presence of piperidine, or of a 
small amount of sodium ethoxide, methylmalonic ester and two molecules 
of chalcone gave only the primary addition compound VII. 

Resort was therefore made to the methylation of the sodium enolate 
of the cyclic derivative XVIII and that of the open-chain compound XVII. 
The latter can give only one enolate, involving the malonic ester group, 
and the former may give three enolates. However, as stated above, the 
enolates of the open-chain (XVII) and the cyclic (XVIII) compounds are 
intraconvertible and give a mixture in which that of XVII predominates. 
Evidently, XVII and XVIII should give the same products of methylation, 
which was confirmed by experiment. The reactions gave only a moderate 
yield of the methyl derivatives, probably due in part to polymerization of 
the mother substances. However, in accord with theory, the yield of the 
openlchain methyl derivatives was decidedly greater than that of the cyclic 
products. 

Besides the cyclic 2- and 6-methyl derivatives (XX and XXIII, respec- 
tively), there were obtained the open-chain €-methyl (XXII) and the 
a,€-dimethyl (XXIV) products. 

CeH5COCH-CHC6Ha CtjH6COCH-CHC6H5 C6H6COCH-CHC6H6 
I 1 1  I I 

c6H6LH CHCOC6H6 CiHt,CH CHCOCIHl CIHKCH CH(CH~)COCEHI 
I I 

CHIC-CO 
I I 

CH3C COOEt 
I 
CH(COOEt)2 

I I 
~ O O E ~  
XXI 



ARTHUR MICHAEL AND JOHN ROSS VO~.  55 

C6H5COCH-CHCBHK CeH5COCH-CHC& 
I I 

C6H6CH C(CH3)COCeHs C6H6AH C!!H(CHs)COC6H, 
I I 
CH-CO 

I 
H3CC(COOEt)z 

I 
COOEt 
XXIII XXIV 

Upon addition to an ether-alcohol solution of sodium ethoxide, the 
cyclic 2-methyl keto ester (XX) dissolves immediately, with ring-fission 
by ethylate addition, to give the enolates of two apparently stereomeric17 
forms of XXI, and which upon warming in ether solution with ethylate 
undergo decomposition to form benzoic ester and a-methyl-B,P1-diphenyl- 
y-benzoylpimelic ester (XXV) 

CaHsCOCH-CHCcHs C6HsCOCH-CHCaH6 
I I 

CIAlCH CHCOc6H. --t c6H.kH LHzCOOEt + CiArCOOEt 
I I 

CHsCH COOEt 
I 

CH3CHCOOEt 
I 

COOEt 
XXI xxv 

Upon treatment, in ether solution in the cold, with sodium ethoxide, 
the ester XXII was converted into an enolate of an isomer, and when 
heated in ether solution with sodium ethoxide it gave the sodium derivative 
of the cyclic ketone XXIII. 

The structures attributed to the cyclic methyl derivatives XX and 
XXIII, and to the open-chain XXI and XXII, are based upon their be- 
havior toward alcoholic ferric chloride. Ester XXII could eno'lize only 
a t  the malonic ester radical, but this group is always indifferent toward 
the reagent and the indifference of XXII conforms to the advanced struc- 
ture. The cyclic XXIII contains the group RCOCHRCOOEt, which 
always shows the iron test and, accordingly, XXIII exhibits the. enolic 
reaction. Theoretically, XX, and the two isomers XXI, formed from 
XX by addition of alcohol, should be susceptible to the reagent, since 

(17) The behavior of the isomeric esters XXIII  and XX, and of XXII, toward sodium ethylate is 
without analogy in stereochemical reactions. No precedent is known for the conversion of XXII, be- 
fore addition of alcohol, into the enolate of another form to  yield finally the enolate of the cyclic XXIII ;  
nor that X X  should first give, by addition of ethylate, a mixture of the two open-chain enolates of XXI. 
I t  seems reasonable to suppose that XX, like XXIII ,  is converted into a mixture of i ts  own and the 
enolate of a stereomer, and that the two stereomeric enolates of XXI are formed by addition of alcohol 
t o  the enolate mixture. I t  has recently been shown that an enolate may occur in stereomeric forms 
[Michael and Ross, THIS JOURNAL, 53,2401 (1931) 1. 

Stereoisomerism is here used in the sense that  certain organic compounds can find no expression 
in structural formulas and that the phenomenon in question is due to the spatial arrangements of the 
atoms in the molecules. This does not imply that the number and the configurations of the stereomers 
can always be coordinated with, or expressed in terms of, van't Hoff's views on spatial chemical isom- 
erism. I t  has long been known that many organic isomers, stereomeric in the above sense, cannot be 
incorporated into the van't Hoff theoretical system, and that i ts  space representations of the relations 
between saturated and unsaturated compounds are untenable. I t  is therefore diacult to understand 
tha t  Lewis should have thought tenable spatial representations of the above relations from the octet 
viewpoint were obtained by changing from a conception of the carbon atom as a cube to that of a modi- 
fied tetrahedron.-A. M. 
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they contain the enolizable CGH~COCHRCO- group. It has been found, 
however, that certain compounds with similarly constituted groups, i. e., 
CsHaCOCH(COOEt)CH(CsHs)CH~COCsH~, do not give the color test and 
structures assigned to XX and XXI therefore agree with their behavior 
toward ferric chloride. 

That ester XX upon treatment with sodium ethoxide should give benzoic 
ester and the pimelic ester derivative XXV, instead of the possible retro- 
gression products, may be due to an unfavorable configuration of the pri- 
marily formed =I. S i ~ i l a r  to the behavior of XXIX, this may undergo 
stereomerization and the product undergo decomposition instead of retro- 
gression. It is also possible that the use of sodium ethoxide, instead of 
sodium en01 methylmalonic ester, may be the determinative chemical 
factor. Clearly there is a qualitative diierence in the reactivity of sodium 
ethoxide and sodium en01 methylmalonic ester, but had the latter been 
used as the reagent, there would have resulted an ambiguity in the inter- 
pretation of the results. Although retrogression of ester XXI in the 
presence of sodium ethoxide could not be experimentally demonstrated, 
it must st111 be considered as a possible reaction by which benzoylacetic 
enolate and a-methylcinnamic esters could be produced in the reaction be- 
tween sodium en01 methylmalonic ester and chalcone. 

It has been shown that crotonic ester under the influence of sodium 
ethylate, l8 or of metallic sodium,lg is converted, with polymerization of two 
molecules of the ester, into the sodium derivative of a-ethylidene-p- 
methylglutaric ester (XXVI). In the reaction between sodium en01 alkyl 
malonic and crotonic esters, a hexacyclic derivative might be formed by 
the union of alkyl malonic ester with enolate XXVII to form enolate 
XXVII, which with loss of alcohol might form the enolate of the hexacyclic 
XXVIII. 
CHaCH=CCOOEt EtOOCCH-CHCHs EtOOC-CH-CHCHs 

I 
CHaCH 

I I 
CHsCH CH=C(ONa)OEt C&&H LHCOOEt 

I 
c H = c ( o N a ) o E t  A L . & ( c o o E t h  

I I 
A1k.C-CO 

XXVI XXVII I 
COOEt 

XXVII I  

In  a previous ~aper ,~O it was shown that in the action of sodium en01 
ethylmalonic ester on crotonic ester a considerable quantity of XXVI, 
the enolate of the polymerization product of crotonic ester, and compara- 
tively little of the addition product (XXVII, alk. = c2H5), appeared. 
However, with sodium en01 methylmalonic ester none of enolate XXVI 
was formed, nor was it formed in the action of sodium en01 a-cyanopro- 
pionic ester, although there was obtained in this reaction a very small 

(18) V. Pechmann, Ber., 33, 3340 (1900). 
(19) Michael, ibid., 33, 3760 (1900). 
(20) Michael and Ross, THIS JOURNAL, 53, 1154 (1931). 
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amount of a keto ester, which may have had a hexacyclic structure cor- 
responding to XXVIII. 

Fission of ester XXVIII (alk. = CH3) by alcoholic ethoxide should give 
primarily the enolate of the open-chain ester XXIX, which upon retrogres- 
sion should give the products designated under XXX, XXXI or XXXII, 
or a mixture of these, namely, crotonic, tiglic, a-carbethoxy-@-methyl- 
glutaric esters and the enolates of malonic and a,/?-dimethyl-7-ethylidene- 
glutaric esters. 
EtOOCCH-CHCH3 EtOOCCLCHCI13 

I I 
CH3CH CONaCOOEt 

I 
CHaCH CH=C(ONa)OEt 

I I 
CH3CH COOEt 

I 
CH3&H COOEt 

I 
COOEt 

I 
COOEt 

XXIX xex 
EtOOCCHCHCH3 

CH3CH 

I 
EtOOCCH=CHCHs 

CH=C(ONa)OEt 

CH3CH COOEt 
II  I 

CH3CCOOEt COOEt 

CHsCCOOEt XXXI XXXII 

From these possible retrogression products the enolate of a,&dimethyl- 
y-carbethoxyglutaric ester (B) could be formed only by the union of sodium 
en01 malonic and tiglic esters. But i t  has been shown20 that the ease of 
addition and the relative yield of the addition product is much smaller 
from sodium en01 malonic ester and tiglic than from crotonic ester. There- 
fore, among the possible retrogression products, the enolate of malonic 
ester would add to crotonic ester in a much larger proportion than to tiglic 
ester, and the final retrogression products should be a mixture of tiglic 
with a relatively small amount of crotonic ester and the sodium enolates 
of 0-methyl-a-carbethoxyglutaric and malonic esters. 

Since the main product of the action of sodium en01 methylmalonic ester 
on crotonic ester was enolate A, and no tiglic ester, the hexacyclic structure 
XXVIII cannot be considered as a possible intermediate in the formation 
of B from sodium en01 methylmalonic and crotonic esters. 

Besides through the migration of methyl, the formation of an enolate 
addition product may be considered as occurring by the direct migration 
of the carbethoxyl of sodium en01 methylmalonic ester 

CH3CH=CHCOOEt CH3CH-CH(COOEt)Z 
4- + 

CH3C===C(ONa, 0Et)COOEt 
I 

CH3C==C(ONa)OEt 

This interpretation seemed so improbable that i t  was not discussed pre- 
viously. It implies the formation of a sodium enolate addition product in 
which the metal is less neutralized than in the employed enolate of methyl- 
malonic ester. This course of migration would be contrary, therefore, to 
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the law of chemical neutralization and i t  is also to our knowledge of the 
nature of such addition reactions. 

In conclusion, the arguments advanced above may be summarized as 
follows. It has been shown that the formation of the cyclobutanone struc- 
turcs I1 and VIII of Holden and Lapworth is theoretically extremely im- 
probable, and experimentally not possible with the use of such reagents as 
sodium ethoxide and sodium. Sodium en01 benzoylacetic and a-methyl- 
cinnarnic esters, as products of the action of sodium en01 methylmalonic 
ester on chalcone, may be retrogressico products of a hexacyclic enolate, 
formed by the union of two molecules of chalcone and one molecule of the 
methylmalonic ester enolate. It has been shown that hexacyclic structures 
are formed under the conditions of the reaction, but i t  has not been possible 
to complete experimentally the chain of steps intermediate to the forma- 
tion of benzoylacetic enolate and a-methylcinnamic esters. However, i t  
has been shown that the enolate of a,@-dimethyl-a-carbethoxyglutaric 
ester (B), obtained by addition of sodium en01 methylmalonic to  crotonic 
esters, could not have been formed through retrogression from a hexacyclic 
structure of a similar type. 

Experimental 
Addition of Malonic Ester to Benzalacetophenone.--a-Carbethoxy-P-phenyl-y- 

benzoylbutyric ester was obtained as a solid melting at 71 O, as described by Kohler,15 
by addition of malonic ester to one molecular equivalent of chalcone in ether solution. 
in the presence of a small amount of sodium ethoxide (0.1 mole), or a few drops of piperi- 
dine. The ester crystallized in h e  needles from a mixture of ether and l igr~in .~ '  

a-Carbethoxy-@-phenyl-y-benzoylbutyric acid was obtained from the above ester 
by saponification with alcoholic potash. Upon acidifying a sirupy product was ob- 
tained, which crystallized from an ether-ligroin mixture in fine needles, melting a t  165" 
with decomposition. 

Anal. Calcd. for CIC,H~O~: C, 69.23; H, 5.57. Found: C, 69.05; H, 5.65. 
From the mother liquor, or by slow crystallization, larger needle-like crystals were 

obtained, melting a t  145°.22 
Anal. Found: C, 69.12; H, 5.7. 
The higher-melting acid was slowly converted into the lower-melting form upon 

standing in the air, or by slow recrystallization, but the higher-melting form was stable 
in a desiccator. 

Action of One Mole of Sodium En01 Malonic Ester on Two Moles of Benzalaceto- 
phenone.-To a suspension of 1.2 g of pulverized sodium in ether, 8 g. of malonic 
ester was added. When the reaction was complete (twelve hours) a solution of 20.8 
g. of chalcone in ether was added and then ether until the total volume was 300 cc. 
The mixture, cooled in ice water, was left for twenty-four hours, and an excess of acetic 
acid was slowly added with vigorous shaking. The ether solution was washed with 

(21) Barat [J. Indian Chem. Soc., 7 ,  333 (1930)l described a compound, m. p. 150°, obtained by 
addition of malonic ester to  benzalacetophenone, which upon saponification with caustic potash, gave 
an acid, m. p. 152-154'. and the latter when heated gave a "lactol," m. p. 158". The appearance of the 
compound of m. p. 150'. which Barat considered to be a-carbethoxy-B-phenyl-y-benzoylbutyric ester 
(VII), we are unable to explain. In no experiment did we obtain a pure compound that would corre- 
spond to a substance of this melting point and analysis. 

(22) Vorlander and Knotzsch [Ann. ,  294,332 (1897) ] first obtained this acid. 



aqueous sodium carbonate, then with water and the neutral solution dried and concen- 
trated to  about 100 cc. Cooling, or addition of ligroin, caused separation of crystals 
in the following order: very fine needles of the hexacyclic keto ester (XVI), m. p. 235"; 
large hexagonal prisms of the hexacyclic keto ester (XVIII), m. p. 187'; large needles 
of the open-chain keto ester (XVII), m. p. 197°;23 and, finally, fine needles of or-carb- 
ethoxy-j3-phenyl-y-benzoylbutyric ester (XIV), m. p. 71 '. 

1,3,5-Triphenyl-2-benzoyl-4,4-dicarbe~clohexene-(I) (XVI).-When two 
moles of sodium ethoxide are used with one mole of malonic ester and two moles of chal- 
cone then the main product (70%) is ester XVI. Experiments indicated that  the forma- 
tion of this compound is favored by a n  excess of sodium ethoxide and prolonged time of 
reaction. It crystallizes from chloroform in fine needles, m. p. 235 ". 

Anal. Calcd. for C37H3406: C, 79.57; H, 6.09. Found: C, 79.55; H, 5.85. 
When warmed with alcoholic potash, it  dissolved and after a few minutes a neutral. 

yellow oil was liberated. The aqueous extract when acidified gave a-carbethoxy-b- 
phenyl-y-benzoylbutyric acid, m. p. 165". The neutral, yellow oil, which did not crys- 
tallize, was probably a condensation, or a polymerized, product of chalcone 

Addition of Malonic Ester to Two Moles of Benza1acetophenone.-A solution of 8 
g. of malonic ester and 20.8 g. of chalcone in 200 cc. of ether was added to a sodium 
ethoxide solution from 0.2 g sodium in 4 cc. of alcohol and the mixture allowed to stand 
a t  room temperature for six weeks. Upon examination it  was found that 0.5 g. of the 
hexacyclic keto ester XVIII and 17 g. of ester XIV were formed. 

1,5-Diphenyl-2,6-dibenzoyl-4-carbethoxycyc1ohexanone-3 (XVIII).-After prelimi- 
nary experiments, the following conditions were found to give the best yield: 0.5 g. of 
sodium was dissolved in 8 cc. of absolute alcohol and 100 cc. of dry ether added, when 
solution was complete. A solution of 104 g. of chalcone and 40 g. of malonic ester in 
500 cc. of dry ether was then cooled to 0' and quickly added to the solution of sodium 
ethoxide. After a few minutes, i t  was necessary to  cool the mixture in ice water and it 
then stood for twenty-four hours. A solution of 4.5 g. of sodium in 70 cc. of absolute 
alcohol was prepared, diluted with 100 cc. of ether and cooled to 0'. To this solution 
the above mixture was added with stirring and, after diluting with ether to one liter, 
the mixture was left to react for twenty-four hours. 

The solution was acidified with acetic acid, washed with water and the acid and 
neutral products separated by extracting with 10% sodium carbonate solution. After 
drying, the ether solution of the neutral products was reduced t o  one-half of its volume 
by distilling off ether. Upon standing (sometimes before concentrating) the cyclic 
ketonic ester XVIII separated as large highly refractive prisms. A further quantity 
was obtained by addition of petroleum ether t o  the mother liquor, but  this second crop 
contained some of the open-chain ester XVII, m. p. 197'. The material in the mother 
liquor consisted of chalcone and ester XIV. By treatment with a further quantity of 
sodium ethoxide in the preceding manner (using less than one equivalent of sodium 
ethoxide) a further quantity of the hexacyclic keto ester XVIII was obtained. 

Anal. Calcd. for CssHaoOs: C, 79.23; H, 5.53. Found: C, 79.13; H, 5.7. 
A solution of this compound in acetic ester was added to an equivalent of sodium 

ethoxide in alcoholic solution and the mixture allowed to stand a t  room temperature for 
four hours. The neutral product of reaction consisted mainly (6OyO) of a-carbethoxy- 
/3,6-diphenyl-y,e-dibenzoylcaproic ester (XVII), approximately 30% of the unchanged 
cyclic ketonic ester and a small amount (10%) of ester XVI. 

(23) Dieckmann and Kron [Ber., 41, 1277 (1908) ]in this reaction obtained a 20-3070 yield of a crys- 
talline compound, which melted at 197' and analyzed for the cyclohexene derivative XVI. We found 
that the compound corresponding to this analysis had m. p. 2 3 5 O ;  the ester melting at 197' gave figures 
on analysis in agreement with the open-chain structure XVII. Moreover, the conversion of XVII into 
XVIII confirms the structure we have ascribed t o  this ester. 



April. 1933 ADDITION OF MALONIC ESTERS TO BENZALACETOPHENONE 1643 

a-Carbethoxy-@,6-diphenyl-r,~-dibenzoylcaproic Ester (XVII) crystallizes from a 
mixture of ether and chloroform in long needles and melts at 197'. It gives no color 
with ferric chloride in alcoholic solution. 

Anal. Calcd. for CITH~BOP,: C, 77.10; H, 6.25. Found: C, 77.29; H, 6.1. 
When treated in acetic ester solution with two equivalents of sodium ethoxide in the 

cold, it is alniost entirely converted into the enolate of the hexacyclic ketonic ester 
XVIII. 

Upon methylation of the sodium enolate of XVII in acetic ester solution with methyl 
iodide, the same products were formed as by methylation of the sodium enolate of the 
hexacyclic ketonic ester XVIII. 

Methylation of 1,5-diphenyl-2,6-dibenzoyl-4-carbethoxycyclohexanone-3 (XVIII).- 
To a solution of 0.9 g of sodium in 15 cc of absolute alcohol 21 g. of XVIII dis- 
solved in 400 cc. absolute, cold acetic ester was added with stirring. After a few min- 
utes, an excess of methyl iodide (40 cc.) was added and the mixture allowed to stand a t  
room temperature for twelve hours. I t  was then heated on the water-bath for six hours, 
when the solution was neutral to litmus. After distilling off the excess of solvent and 
reagent, the solution was cooled, washed with dilute mineral acid, then with aqueous 
soda and dried. The last traces of acetic ester were removed by heating in a vacuum, 
with the distilling flask in a water-bath. The residual sirup was then taken up in ether 
and the following compounds in turn crystallized out 

(a) Ester XVII, m. p. 197', 3 g. (c) Ester XX, m. p. 170°, 1 g. 
(b) Ester XXII, m. p. 237O, 2 g. (d) Ester XXIII, m. p. 210°, 1 g. 

There were also obtained small amounts of esters XXV and XX and there remained 
a considerable amount of unresolved material as a sirupy mixture. 

a-Carbethoxy-@,6-diphenyl-r,rdibenzoyl-s-methylcaproic Ester (XXII).-This 
compound crystallizes from chloroform-ether solution in large rhombic prisms, melting 
at  237 O. I t  gives no color with alcoholic ferric chloride. 

Anal. Calcd. for C38H3806: C, 77.29; H, 6.44. Found: C, 77.54; H, 6.36. 
One gram of the ester was powdered and added to a solution of 0.05 g. of sodium in 

2 cc. of alcohol and the mixture diluted with ether. On shaking for about five minutes 
all the ester dissolved to form a yellow solution from which separated a small amount 
of a solid sodium derivative. After standing overnight, the mixture was acidified and 
flat needles, melting at  192 ", gradually separated. This compound gives no color with 
alcoholic ferric chloride and according to the analysis it is isomeric or stereomeric with 
the original ester. 

Anal. Calcd. for CasHasOe: C, 77.29; H, 6.44. Found: C, 77.05; H, 6.20. 
1,5-Diphenyl-2-methyl-2,6-dibenzoyl-4-carbethoxycyclohexanone-3-one (XXIII).- 

One gram of ester XXII was powdered, added to a solution bf 0.05 g. of sodium in 
2 cc. of alcohol and the mixture diluted with ether. After twelve hours i t  was heated 
with a reflux condenser on a water-bath for six hours. After cooling and acidifying, 
there was obtained 0.7 g. of ester XXIII, melting at  175' and crystallizing as large 
needles from chloroform-ether solution. I t  gives a deep red color with alcoholic ferric 
chloride. 

Aml.  Calcd. for C ~ O H ~ ~ O ~ :  C, 79.41; H, 5.93. Found: C, 79.33; H, 6.0. 
1,5-Diphenyl-2,6-dibenzoyI-4-methyl-4-carbeocyclohexanone-3 (=).-This 

compound, formed in the methylation of the sodium enolate of XVIII, crystallizes in 
fine needles from a chloroform-ether mixture, melting at  170°. It gives no color with 
alcoholic ferric chloride. 

Anal. Calcd. for Cs6Hsz05: C, 79.41; H, 5.93. Found: C, 79.30; H. 5.90. 



Two grams of ester XX was brought into a solution of 0.1 g. of sodium in 3 cc. of 
absolute alcohol and ether added. The ester dissolved immediately, forming a deep red 
solution. In  an hour, a small amount of a solid sodium derivative separated. After 
twelve hours, the mixture was acidified and there was obtained 1.7 g. of a mixture of 
esters, which were separated by fractional crystallization into two products. One is 
a n  ester, melting a t  18S0, crystallizing in large regular cubes. Analysis agrees with the 
open-chain structure XIX. It gives no color with alcoholic ferric chloride. 

Anal. Calcd. for CoaH3sOa: C, 77.29; H, 6.44. Found: C, 77.42; H, 6.24. 
The other product is an ester, melting a t  210°, crystallizing in fine needles or nodular 

groups of needles. It gives no color with alcoholic ferric chloride. It is apparently 
a stereomer of XIX. 

Anal. Calcd. for C38H3806: C, 77.29; H, 6.44. Found: C, 77.25; H, 6.30. 

Two grams of the cyclic ester X X  was added to a solution of 0.1 g. of sodium in 
3 cc. of absolute alcohol and dry ether added. The solution of the enolate was heated 
with a reflux condenser for six hours. After cooling, it  was acidified, the solution washed 
with aqueous soda and dried. On standing a neutrai compound gradually crystallized 
out. There was obtained 1.0 g. of ester XXV, which crystallized as fine needles from 
ether-chloroform and melted a t  154'. It gave no color with ferric chloride in alcoholic 
solution. 

Anal. Calcd. for CslHsaOs: C, 76.53; H, 7.0. Found: C, 76.60; H, 6.80. 
From the mother liquor, upon vacuum distillation in an oil-bath heated to  150°, 

a small amount (0.1 g.) of benzoic ester was obtained, which was identified by conversion 
into benzoic acid. The residue, after removal of the benzoic ester, contained a mixture 
of the open-chain, stereomeric ester XXI.  

From the soda extract, 0.3 g. of material was obtained consisting of benzoic acid. 
It was purified by sublimation and identified by a mixed melting point. 

a-Carbethoxy-a,~-dimethyl-8,6-diphenyl-y,-dibenzoylcaproic Ester (XXIV).-This 
substance, melting a t  210°, was obtained by methylation of the sodium enolate of 
XVIII. It crystallizes in flat needles or nodules and gives no color with ferric chloride. 

Anal. Calcd. for C3sH4oOa: C, 77.49; H, 6.62. Found: C, 77.37; H, 6.4. 

It is not soluble in alcoholic sodium ethoxide and is acted upon only slowly by this 
reagent. 

Addition of MethylmaIonic Ester to Benza1acetophenone.-cr-Carbethoxy-B- 
phenyl-y-benzoyl-a-methylbutyric ester (VII) is obtained by addition of methylmalonic 
ester t o  one molecular equivalent of chalcone in ether solution, in the presence of a small 
amount of sodium (0.1 mole), or of a few drops of piperidine. The yield is about 80%. 
It crystallizes in large needles from a mixture of ether and ligroin and melts a t  95 '. 

Anal. Calcd. for CzaHzsOs: C, 72.21; H, 6.86. Found: C, 72.05; H, 6.6. 
Upon treatment, in ether solution, with phenylhydrazine, it  gives a phenylhydra- 

zone, crystallizing in needles and melting a t  130°. 
Anal. Calcd. for C29Hs404N2: C, 73.41; H, 7.17. Found: C, 73.20; H, 7.3. 
Upon warming with alcoholic potash, a vigorous reaction occurred with liberation 

of a yellow oil. This consisted, probably, mainly of chalcone; methylmalonic acid was 
isolated after acidifying the alkaline solution. 

A solution of 9.5 g. of the ester in dry ether was allowed to react in the cold with 0.6 
g. of powdered sodium. After twenty-four hours, most of the sodium had dissolved with 
slow evolution of a gas. From the neutral product of the reaction there was obtained 
3.5 g. of methylmalonic ester, b. p. 80-90' (5 mm.), and 5.0 g. of a sirup which could 
not be distilled without decomposition, nor could it  be obtained in a crystalline form. 
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An ether solution of 9.5 g. of the ester was mixed with sodium ethoxide, prepared by 
Briihl's method from 0.6 g. of granulated sodium. After twenty-four hours the mixture 
was acidified. From the neutral product there was obtained 3.8 g. of methylmalonic 
ester, and 5.0 g. of a sirup which crystallized on long standing and proved to be chalcone. 

In the above two experiments no isoIable amount of benzoylacetic or a-methyl- 
cinnamic esters was obtained. After removal of the methylmalonic ester, the residual 
sirup gave a faint red coloration with alcoholic ferric chloride, which might have indi- 
cated the presence of a very little of a B-keto ester (benzoylacetic ester). 

Addition of Methylmalonic Ester (1 Mole) to Benzalacetophenone (2 Moles).- 
8.7 grams of methylmalonic ester was added to a solution of 21 g. of chalcone in ether 
and the mixture united with a solution of O.? g .  of scdizm in 3 cc. of absolute alcohol. 
After twenty-one days the solution was acidified and the reaction product worked up. 
It was found to consist of a-methyl-a-carbethoxy-8-phenyl-y-benzoylbutyric ester 
(16 g.), methylmalonic ester (1.5 g.), chalcone (10 g.) and traces of benzoylacetic and 
cinnamic esters. 

When piperidine was used instead of sodium ethoxide, the products were the bu- 
tyric ester derivative and unchanged chalcone. 

Addition of Sodium En01 Methylmalonic Ester to Benza1acetophenone.-8.7 grams 
of methylmalonic ester in ether solution was treated with 1.2 g. of pulverized sodium 
When the reaction was compIete, a solution of 20.8 g. of chalcone in dry ether was added 
and the volume made up to 300 cc. by further addition of ether. The mixture, cooled in 
ice water, was left for twenty-four hours, and it was then acidified with acetic acid. 
The neutral part of the reaction product was heated in an oil-bath up to 150' in a vac- 
uum, and the distillate fractionated. There were obtained 2.5 g. of methylmalonic ester, 
b. p. 75-90' (2 mm.), 7.5 g. of or-methylcinnamic and benzoylacetic esters, b. p. 120- 
140" (2 mm.). The residue, consisting mainly of chalcone with products of polym- 
erization, was dissolved in ether and ligroin added. On standing, a small amount 
(0.5 g.) of a solid was obtained, which was separated by fractional crystallization from 
chloroform-ether into two compounds, melting approximately a t  185' and 235", re- 
spectively. Owing to the small amount a further examination was impossible. 

Action of Benzalacetophenone on a-Methyl-a-carbethoxy-8-phenyl-r-benzoyl- 
butyric Ester in Presence of Sodium Ethoxide.-Sodium ethoxide, prepared by the 
method of Briihl from 1.2 g. of granulated sodium, was suspended in dry ether and an 
ether solution of 19.2 g. of the butyric ester derivative and 10.8 g. of chalcone added. 
The mixture stood in the cold for twenty-four hours. Upon working up, as in the pre- 
ceding experiment, there were obtained 5 g. of methylmalonic ester, 3 g. of a mixture of 
a-methylcinnamic and benzoylacetic esters, b. p. 120-140" (2 mm.), 0.5 g. of unchanged 
butyric derivative and a sirupy residue consisting of chalcone and amorphous products. 

Summary 
1. The action of sodium en01 malonic ester on benzalacetophenone 

has been investigated, and the conditions for the two modes of addition 
of the latter to or-carbethoxy-@-phenyl-y-benzoylbutyric ester determined. 

2. It has been shown that one molecule of sodium en01 malonic ester 
reacts readily with two molecules of benzalacetophenone to form two 
hexacyclic derivatives. 

3. The addition of methylmalonic ester, and of sodium en01 methyl- 
malonic ester, to benzalacetophenone has been examined, the mechanism 
of the latter reaction discussed and Holden and Lapworth's interpretation 
shown to be impossible. 



4. Contrary to the assumption of Holden and Lapworth, the production 
of benzoylacetic enolate and a-methylcinnarnic esters in the action of 
sodium en01 methylmalonic ester on benzalacetophenone, has no theoretical 
connection with the formation of sodium en01 a,@-dimethyl-7-carbethoxy- 
glutaric ester in the union of sodium en01 methylrnalonic and crotonic 
esters. 

5. It has been shown that a-methyl-a-carbethoxy-8-phenyl-y-benzoyl- 
butyric ester, and a-carbethoxy-a,8-dimethylglutaric ester, do not form 
cyclobutanone structures when treated with sodium ethoxide or sodium, but 
undergo almost complete retrogression. These esters, or their enolates, 
therefore, cannot be intermediates in the addition reactions discussed 
above and for this reason alone the interpretations of Holden and Lapworth 
are untenable. 

6. Certain difficulties arising from the assumptions of Holden and 
Lapworth have been discussed and i t  has been shown that the only ex- 
planation of the formation of the enolate of a$-dimethyl-y-carbethoxy- 
glutaric ester from sodium en01 methylmalonic ester, consistent with 
experiment and theory, is the migration of methyl during the addition 
process. 

CAMBRIDGE, MASSACHUSETTS RECEIVED OCTOBER 4, 1932 
PUBLISHED APRIL 6, 1933 

The Action of Bleaching Powder on Ketones and on Ethyl 
Acetoacetate 

In contrast to the general familiarity of the reaction between acetone and 
bleaching powder, very little is known of the action of bleaching powder 
on other ketones. Three substances each containing a CHSCO- group 
were selected for study, namely, ethyl methyl ketone, furfuralacetone and 
ethyl acetoacetate. 

Ethyl methyl ketone was selected to see if the reaction would yield 
chloroform and calcium propionate or ethylidene chloride and calcium 
acetate. Only the first of these two possibilities was realized. This - 
provides a convenient source of propionic acid. Furfuralacetone, similarly 
studied, was found to be an excellent starting material for furylacrylic 
acid. Since furfuralacetone is readily prepared from furfural and ace- 
tone this method for the synthesis of furylacrylic acid is preferable to the 
Perkin reaction2 which employs furfural, acetic anhydride and potassium 
acetate as reagents. 

( 1 )  Holder of a Quaker Oats Fellowship (1929-1930) administered through the Miner Laboratories, 
Chicago. 

(2) Baeyer, Ber.. 10, 357 (1877). 
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The general equation for this type of synthesis is 

In the cases mentioned above, R represents GH5- and C~Hd.3---CH--==N--. 
Ethyl acetoacetate was studied to see if the enolic methylene hydrogens 
were the ones substituted by chlorine, in which case dichloroacetic acid 
would be anticipated, or if the methyl group would be attacked, giving 
chloroform, as in the former cases. The product formed was dichloro- 
acetic acid and not chloroform. Therefore, the intermediate product was 
CH~COCCI~COOC~HS and not CC1dI!OCH2COOC21-Is. 

Study was also made of the oxidation of furfuralacetone by nitric 
acid. Oxalic acid and ammonium tetroxalate were identified in the reac- 
tion products. This resembles the observation of Newbury and Orndorff3 
that ammonium tetroxalate was in the products from acetone and dilute 
nitric acid. 

Experimental Part 

Ethyl Methyl Ketone.-Three hundred grams of commercial bleaching powder 
(24% available chlorine) was made into a paste with 750 cc. of water a t  15 O. The tem- 
perature of the water must be above lo0, otherwise too viscous a paste results. This 
mixture was put into a %-liter Bask which was equipped with a dropping funnel, mer- 
cury-sealed stirrer and condenser. Then 25 cc. of ethyl methyl ketone was gradually 
introduced with stirring, care being taken to avoid frothing over. The mixture became 
quite warm and 10 cc. of chloroform, a 45% yield, distilled. The index of refraction, 
nZ:, of the distillate was 1.4452; nZt of chloroform, 1.4458; n: of ethylidene chloride, 
1.4165. 

The residue in the flask was neutralized with nitric acid. Then more nitric acid 
was added to liberate the propionic acid, purposely adding less than the calculated 
amount to avoid subsequent extraction of nitric acid. Even with an excess, however, 
ether extracts but insignificant quantities of nitric acid from a dilute aqueous solution. 

The acidified solution was made up to 2000 cc. with water. An aliquot portion of 
500 cc. of this was extracted four times with ether for the organic acid and the extracts 
made up to 250 cc. Titration of an aliquot portion of 50 cc. of this ether solution with 
0.2016 N alkali required 27.5 cc. This corresponds to a yield of 8.18 g. or 40.7% of 
the calculated amount of propionic acid. 

The identity of propionic acid was confirmed by a Duclaux determination. For this 
purpose, a dilute solution of 110 cc. of the acid (in water) was distilled and ten 10-cc. 
distillates obtained therefrom. The cc. of 0.2016 N base to neutralize each in turn was: 
7.72,7.87,7.51,7.12, 6.57, 6.33, 5.79, 5.40, 5.26, 5.64. The ratio of each 10-cc. titration 
to the total 100 cc. value gave the series: 11.8, 23.9, 35.4, 46.4, 56.5, 66.3, 75.1, 83.4, 
91.5, 100.0. These percentages practically coincide with the values obtained by Gilles- 
pie and Walters4 for propionic acid. Acetic acid, in contrast, gives rise to a series be- 
ginning with 8 and continuing with approximate multiples of 8. 

Furfura1acetone.-Furfuralacetone was prepared by the method of "Organic Syn- 
the~es."~ In  some experiments it was purified by vacuum distillation to separate it from 

(3) Newbury and Orndorff, Am. Chem. J . ,  12, 517 (1890). 
(4) Gillespie and Walters, THIS JOURNAL., 39, 2036 (1917). 
(5) Leuck and Cejka, "Organic Syntheses," John Wiley and Sons, New York, 1927, Vol. VII, p. 

42. 



admixed difurfuralacetone. The purified product was collected a t  110-112' (10 mm.); 
yield, 59-60%. In  other experiments this tedious purification step was omitted. 
However, to ensure the removal of unused acetone the crude product was heated on a 
steam-bath for some hours. For purposes of calculation, it  was assumed that this 
"crude furfuralacetone" contained 60% of furfuralacetone. 

Furylacrylic Acid from Pure Furfura1acetone.-The details of this oxidation were 
identical with those previously described for ethyl methyl ketone, except that no drop- 
ping funnel was used. These quantities were involved: 300 g. of bleaching powder, 
made into a paste with 750 cc. of water a t  15-20"; 37 g. of solid furfuralacetone; yield 
of chloroform, 18 g. or 55.5%. The reaction, as before, was exothermic and no external 
heat was applied. The paste in the flask was filtered and the filtrate acidified. The 
furylacrylic acid which separated was collected upon a filter. The filtrate from this 
operation was stirred up with the bleaching powder cake, boiled and refiltered. This 
filtrate gave more furylacrylic acid upon acidification. By repeating these steps, most 
of the furylacrylic acid was obtained in four such extractions. The yield was 33.5 g. 
or 89.5% of a product that melted a t  139 O. 

Fa-ylacrylic Acid from "Crude F~rfuraiacetone.~~-A larger run was made from 
the crude furfuralacetone mentioned above. A yield of 89.7% of furylacrylic acid was 
obtained on the basis of the furfuralacetone content. These quantities were taken: 
1800 g. of bleaching powder (in 4.5 1. of water), 275 g. of crude furfuralacetone; yield 
of furylacrylic acid, 205 g. The assumption that none of the furylacrylic acid came from 
the difurfuralacetone in the crude ketone was justified since no furylacrylic acid was 
isolable in a test run with bleaching powder and difurfuralacetone. 

Ethyl Acetoacetate.-The reaction between acetoacetic ester (52 g.) and bleaching 
powder (350 g. made into a paste with 1 liter of water) was exothermic but there was no 
odor of chloroform. The liquid was filtered after the heating effect had stopped and the 
filtrate was acidified and extracted with ether. The residue, after evaporating the 
ether, was a brown liquid with a strongly acid reaction and a sharp odor. The liquid 
was shown to be dichloroacetic acid by converting it  into dichloroacetyl chloride with 
phosphorus trichloride and then treating i t  with aniline to produce dichloroacetanilide, 
m. p. 118'. The yield of the dichloroacetic acid was 31 g. or 6OY0 of the calculated 
value. 

Furfuralacetone and Nitric Acid.-Cold, concd. nitric acid reacted on furfural- 
acetone with almost explosive violence. The reaction was very vigorous even when the 
acid was diluted with an equal volume of water. Hence the tests were limited to 1-2 g. 
samples. In this case, after the oxides of nitrogen had been expelled, the solution was 
concentrated. On cooling, crystals of oxalic acid dihydrate, m. p. 100-101 '. separated. 
It gave the characteristically insoluble calcium oxalate. 

I n  other experiments, 50 cc. of nitric acid was diluted with 200 cc. of water and 
warmed. Then 2 g. of powdered furfuralacetone was added while stirring was main- 
tained. The red-colored oxides of nitrogen appeared momentarily. Then more fur- 
furalacetone was added in small portions just large enough to keep the reaction going, 
the heat being removed when the reaction would proceed alone. The red color developed 
by each addition was allowed to disappear before another portion was added. This was 
continued until 20 g. of furfuralacetone had been added. Then the solution was evapo- 
rated to a volume of 35 cc. Upon cooling, crystals separated. These were filtered off 
and recrystallized from hot water. The crystals melted with decomposition a t  128- 
130" and weighed 3.5 g. The substance was shown to be ammonium tetroxalate by 
titration with standard alkali and with potassium permanganate. It contained nitro- 
gen, furthermore. Hence it  could not have been furoic acid or maleic acid which also 
melt in this range but this was confirmed by mixed melting point depressions and by 
non-reaction of the compound with bromine. 



April, 1933 STEREOCHEMISTRY OF DIPHENYLS. XXX 1649 

Summary 
Ethyl methyl ketone and bleaching powder react to give propionic acid 

and chloroform. Furfuralacetane gives furylacrylic acid and chloroform. 
Difurfuralacetone does not react to produce furylacrylic acid. Ethyl 
acetoacetate gives rise to dichloroacetic acid but no chloroform. 

Oxalic acid and ammonium tetroxalate are among the reaction products 
of dilute nitric acid on furfuralacetone. 

EVANSTON, ILLINOIS RECEIVED OCTOBER 13, 1932 
PWLISHED APRIL 6, 1933 

Stereochemistry of Diphenyls. XXX.l Preparation and 
Resolution of 2,Z'-Diiodo-4,4'-dicarboxydiphenyl 

BY N. E. SEARLE~ AND ROGER ADAMS 

In an earlier paper3 in this series it was pointed out that on the basis of 
the studies already completed on 2,2',6 and 2,2',6,6'-substituted diphenyls, 
there appeared to be no reason why certain 2,2'-disubstituted diphenyls 
should not be resolved provided the groups were large enough. Moreover, 
the fact that a disubstituted dinaphthy14 was successfulIy resolved, al- 
though such a compound is not entirely comparable to the disubstituted 
diphenyls, does indicate the likelihood of the existence of resolvable 2,2'- 
disubstituted diphenyls. 

On account of the size of the sulfonic acid group as roughly estimated 
from the x-ray data available, i t  was predicted that a 2,2'-disulfonic acid 
derivative of a diphenyl might be resolved. Diphenyl-2,2'-disulfonic acid 
and 4,4'-diaminodiphenyl-2,2'-disulfonic acid were prepared, but attempts 
to resolve them resulted in failure. In the same communication it was 
pointed out that possibly the 2,2'-dibromo and probably the 2,2'-disub- 
stituted diiododiphenyl should be resolvable. By the system of calculation 
previously used, based on x-ray data and using a value of 2.20 A. for the 
C-I di~tance,~ the interference on each side of the molecule should be 
approximately 0.12 A. 

A diiodo compound has finally been obtained, namely, 2,2'-diiodo-4,4'- 
dicarboxydiphenyl (IV). It readily formed dialkaloidal salts from which 

(If For paper XXIX see Patterson and Adams, TaIs JOURNAL, 65, 1069 (1933). 
(2) Submitted as part of a thesis for the degree of Doctor of Philosophy at the University of Illi- 

nois. 
(3) Stanley and Adams, Tars JOURNAL, 62,4471 (1930). 
(4) Stanley, ibid. ,  53, 3104 (1931); Meisenheimer and Beisswenger, Ber., 65, 32 (1932); Corbel- 

fini, Atli. R. Accad. Lincei (Rome), Rend., [6] 13, 702 (1931). 
(5)  In a previous paper the aromatic internuclear distance C-I was calculated as 2.06-2 35 8. 

[see Neuburger, Z. Krist, 80, 118 (1931)l. The iodine atom has been demonstrated to be a polariz- 
able atom in that its electron shell is easily distorted so that an average of the two limiting values 
given above seems a satisfactory approximation. 
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have been resolved. It is obvious that the experimental work of Stanley 
and Adams in connection with the latter compound did not result in the 
discovery of the proper conditions for resolution. The successful resolu- 
tion by Lesslie and Turner demonstrates the correctness of the prediction 
of Stanley and Adams that such disulfonic acids should be resolvable. 

Turner has also described the preparation and resolution of another 
2,2'-disubstituted diphenyl, the mono-methiodide of 2,2'-bis-dimethyl- 
aminodiphenyl Corbellini has prepared and resolved 2-(diphenyl- 
hydroxymethyl)-2'-carboxydiphenyl (111a) .'" With the 2,2'-diiodo-4,4'- 
dicarboxydiphenyl (IV) described in this communication, five 2,2'-disub- 
stituted diphenyls have been resolved and the possibility of the resolu- 
tion of many others may be anticipated. 

NIL? COOH 

O H  ( ) S O i H  ()N(CH3I. ~ C o O H  0 
@.H ()N(cH~)~I (J-CIC~H~WH ()I 

NHz COOH 
I I1 I11 IIIa I V  

Lesslie and Turner7 in their paper on the diphenyl ester of 4,4'-diamino- 
diphenyl-2,2'-disulfonic acid have discussed a procedure for estimating the 
resolution or non-resolution of substituted diphenyls. They have, a t  the 
same time, questioned the "theoretical justification" of the method for 
predicting resolvability or non-resolvability of such compounds, previously 
suggested by Stanley and ad am^.^ It may be stated merely that the 
assumptions made in connection with our calculations are fully recognized. 
On the basis of these caIculations, predictions were made which conformed 
surprisingly well to the experimental results. The method of Lesslie and 
Turner is equally open to criticism since it involves arbitrary assump- 
tions as to the effective diameter of certain atoms (i. e., as to how close 
atoms can approach without interfering). The possibility of clarifying 
the diphenyl problem will depend primarily on the accumulation of 
additional pertinent experimental data. 

Experimental 

The 2,2'-diiodo-4,4'-dicarboxydiphenyl (IV) was prepared through the 
following series of reactions. (V) was condensed with copper to (VI), the 
nitro group reduced to (VII), diazotization to (VIII), rearrangement to 
(IX) and saponification to (IV). 

(8) Turner, Natuve, 130, 315 (1932). 
(8a) Carbellini and Pizzi, Atti. accad. Lincei 16, 287 (1932). 
(9) Stanley and Adams, T a ~ s  JOURNAL, 52, 1200 (1930). 



COOCqHs COOC2Hs COOCvH, COOCqHx COOH 

v VI VII VIII I X  IV 

Ethyl 4-1odobenzoate.-A fine suspension of ethyl 4-aminobenzoate hydrochloride 
was prepared by adding 500 cc. of 6 N hydrochloric acid to 100 g. of ethyl 4-amino- 
benzoate, previously made into a thin paste with water. The suspension of the amine 
hydrochloride was cooled to zero degrees and diazotized with 48.2 g. of sodium nitrite 
dissolved in 100 cc. of water. During the diazotization about 100 g. of ice was added. 
To the diazotized solution, 160 g. of potassium iodide dissolved in 150 cc. of water was 
added with rapid stirring. On warming, a heavy black oil separated which was shaken 
with sodium bisulfite solution to remove excess iodine and distilled with superheated 
steam. The product was dried over anhydrous magnesium sulfate; yield, 122 g. 
(68.5% of theoretical); b. p., 281-283" a t  760 mm.; 135" a t  5 mm.; dZ0 1.655; n'$ 
1.5854. 

Anal. Calcd, for CeH902I: C, 39.13; H, 3.26; I, 46.02. Found (micro): C, 39.63; 
H, 3.40; I, 46.28. 

This product has been made previously by McCombie and Scarborough,lo b. p. 
153.5' a t  14 mm., and by Schmidt and Schulzl1 by esterification of 4-iodobenzoic acid. . 

Ethyl 3-Nitro-4-iodobenzoate (V).-A cold mixture of 60 cc. of concentrated nitric 
acid (sp. gr. 1.42) and 60 cc. of concentrated sulfuric acid was added slowly to a solution 
of 122 g. of ethyl Piodobenzoate in 150 cc. of concentrated sulfuric acid kept a t  5-6' 
with ice and salt. This required one-half hour with good mechanical stirring and effi- 
cient cooling. Then the solution was allowed to warm up to 15' and was kept a t  that 
temperature until a yellow precipitate appeared (about two hours). The mixture was 
stirred for twenty minutes more and poured onto cracked ice. The ethyl 3-nitro-4- 
iodobenzoate separated as a yellow solid and was crystallized from 95% ethyl alcohol; 
yield, 120 g. of fine yellow crystals melting a t  89-90.5'. The compound has been de- 
scribed previously by Allen,12 who prepared it by esterification of 3-nitro-4-iodobenzoic 
acid. He reports a melting point of 88-89.5". 

2,2'-Dinitro-4,4'-dicarboethoxgdiphenyl (VI).-A solution of 120 g. of (V) in 
120 cc. of redistilled nitrobenzene was placed in a flask fitted with air-cooled condenser 
and mechanical stirrer and heated on a metal bath until the solution just began to boil. 
Then copper bronze powder was added slowly with stirring, causing the solution to boil 
more vigorously. When all further action had ceased, the nitrobenzene solution was 
filtered from the cuprous iodide and excess copper and was steam distilled. The residue 
was twice crystallized from 95% ethyl alcohol. The product consisted of pale yellow 
scales that melted a t  95-96 "; yield, 50 g. (69%). 

Anal. Calcd. for ClsHlaOJVz: C, 55.68; H, 4.16; N, 7.22. Found (micro): C, 
55.99; H, 4.24; N, 7.38. 

2,2'-Diamino-4,Q'-dicarboethoxydiphenyl (VII).-A solution of 15 g. of the dinitro 

(10) McCombie and Scarborough, J. Chew. Soc., 107, 16 (1915). 
(11) Schmidt and Schulz, Ann., 207, 334 (1881). 
(12) Allen, Bn. ,  26, 1742 (1893). 



compound (11) in 350 cc. of 95% ethyl alcohol and 0.3 g. of platinum oxidelJ was reduced 
with hydrogen a t  a pressure of 35-45 lbs. The theoretical amount was absorbed in one- 
half hour. After several treatments with norite the dialnine was precipitated by dilut- 
ing the solution with water. It was recrystallized from dilute methanol and melted a t  
99-100"; yield from two runs, 20 g. of pale yellow scales (79%). 

Anal. Calcd. for C18NZ0O4N2: N, 8.54. Found (micro Dumas): N, 8.57. 
2,2'-Diiodo-4,4'-dicarboethoxgdiphenyl (VIII) and (IX).-The procedure for replac- 

ing the two amino groups with iodine was similar to that used by Mascarelli and Benatil4 
for converting %,a'-diaminodiphenyl to the corresponding diiodo compound. 

A suspension of 15 g. of (VII) in a mixtri~re of 50 cc. of concentrated hydrochloric 
acid and 50 cc. of water was cooled with ice and salt and diazotized with 8 g. of sodium 
nitrite dissolved in 10 cc, of water. The cold diazonium salt solution was then filtered 
and a solution of 22 g. of sodium iodide in 50 cc. of water was slowly added with stirring. 
Upon warming the solution, a dark solid separated which was decolorized by add- 
ing sodium bisulfite. The product, 4,4'-dicarboethoxydiphenylene iodonium iodide 
(VIII), consisted of 20 g. of fine, light yellow powder that melted a t  218' and was 
very insoluble in the usual organic solvents. It had the expected salt-like properties.14 

Eighteen grams of (VIII) was heated a t  218' for five minutes. After cooling, the 
dark product was taken up in 150 cc. of hot methyl alcohol and filtered. The filtrate 
was treated with decolorizing charcoal (norite) several times and the 2,2'-diiodo-4,4'- 
dicarboethoxydiphenyl (IX) was precipitated by adding water. After recrystallizing 
twice with dilute alcohol, 8 g. of white microscopic crystals was obtained melting a t  118". 

Anal. Calcd. for C18Ht6041z: C, 39.30; H, 2.94. Found: C, 39.32; H, 3.21. 
2,2'-Diiodo-4,4'-dicarboxydiphenyl (IV).-The ester was saponified by warming 

with alcoholic potassium hydroxide. The free acid was obtained by acidification with 
dilute hydrochloric acid and was recrystallized twice from dilute methanol. From 
7.5 g. of ester, 5.5 g. of product was obtained as fine white crystals, m. p. 339-341 ". 

Anal. Calcd. for Q4Hs041~: neut. equiv., 247; C, 34.05; H, 1.63; I, 51.44. 
Found: neut. equiv., 249; C, 34.33 ; H, 1.74; I, 51.80. 

Resolution of 2,2'-Diiodo-4,4'-dicarboxydiphenyl. (Fist Method) 
Brucine Salt.-A solution of 3 g. of 2,Z'-diiodo-4,4'-dicarboxydiphenyl in 140 cc. of 

absolute methanol was added to a solution of 4.8 g. of anhydrous brucine in 60 cc. of 
absolute methanol. After standing for one-half hour the salt came down as an oil. 
This was redissolved by adding 500 cc. more of absolute methanol and boiling. The 
solution was then evaporated to 450 cc. on the steam-cone. On standing overnight a t  
room temperature 1.35 g. of salt precipitated as a fine powder, m. p. 212-224'. This 
fraction was dextrorotatory and was the salt of the d-acid (for rotations see Table I). 

Anal. Less soluble salt-salt of d-acid. Calcd. for C14Hs0412.2C23H2604N2: N, 
4.37. Found (micro Dumas): N, 4.07. 

The mother liquor from the first fraction was allowed to evaporate slowly a t  room 
temperature. After standing four days, a second fraction of 1.95 g. of salt crystals 
deposited. By allowing the mother liquor to evaporate spontaneously for a week a t  
room temperature a third fraction of 2.90 g. of crystals was obtained. The second 
and third fractions were found to be identical in melting point and rotation and were 
different from the first fraction. They were levorotatory and proved to be the salt of 
l-acid, m. p. 201-212 (for rotations see Table I). 

Anal. Calcd. for C14Hs0412.2C2~H260~N2: N, 4.37. Found (micro Dumas): N, 
4.45. 

(13)  "Organic Syntheses," Collective Vol. I ,  1932, p. 452. 
(14)  Mascarelli and Benati, Gazz. chim. ital., 38, (11) 624 (1908). 



(Second Method.)-Two moles of anhydrous brucine in ethyl acetate and one mole 
of racemic acid in ethyl acetate were mixed and allowed to stand overnight. The salt 
precipitated gradually and quantitatively. The mixture of the two diastereoisomeric 
salts was treated as follows. 

A. A solution of 2.75 g. of the mixed salts in 250 cc. of ordinary methanol was al- 
lowed to evaporate slowly to 100 cc. at  room temperature. At first small hard hemi- 
spherical clusters of crystals formed but later clusters of larger, transparent prismatic 
crystals deposited. The mother liquor was poured off and the crystals washed with 
methanol. After drying, the two kinds of crystals were easily separated by hand. 
The hemispherical clusters that first appeared were in the smaller amount and were the 
salt of the d-acid. The prismatic crystals that formed later were in the larger amount 
and were the salt of the I-acid. 

B. A solution of 4.3 g. of the salt obtained from the ethyl acetate process in 500 cc. 
of hot 95% ethyl alcohol deposited 1.72 g. of crystals on cooling. After standing over- 
night 0.99 g. more of salt crystallized out. Upon evaporating a t  room temperature a 
third fraction of 0.84 g. was obtained. All three fractions were identical h melting 
point and rotation and were the salt of the I-acid. 

d-2,2'-Diiodo-4,4'-dicarboxydipheny1.-The d-salt was ground with ice-cold 6 N 
hydrochloric acid in a small porcelain mortar cooled by an ice-bath. The fine suspension 
thus produced was atered on a sintered quartz iilter and continuously washed with 
cold 6 N hydrochloric acid for four hours until the acid gave a negative test for 
brucine. After washing thoroughly with cold water it was dried in vacuo over sulfuric 
acid. From 0.65 g. of salt, 0.30 g. of active acid was obtained, m. p. 339-341" (for 
rotations and racemization see Table I). 

1-2,2'-Diiod0-4,4~-dicarboxydiphenyl.-The 2-acid was obtained by the method used 
for the d-acid. From 3.0 g. of the I-salt, 1.1 g. of the active acid was obtained, m. p. 
339-341 " (for rotations and racemization see Table I). 

Summary 

2,2'-Diiodo-4,4'-dicarboxydiphenyl has been prepared and resolved. 
The brucine salt mutarotates and the active acids readily racemize at 25'. 
The iodine and hydrogen atoms in the 2,2'-positions of diphenyl are of 
sufficient size to interfere with each other. 
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Reactions of Some Substituted Divinylacetylenes 

Although the behavior of the more complex conjugated unsaturated 
systems has been the subject of an increasing number of investigations 
during recent years, little attention has yet been given to the dienine sys- 
tem, -C==C-C=C-C=C-. Vinylacetylene and divinylacetylene 
have recently been obtained by the polymerization of acetylene' and a 
few of their reactions have been described, but little is known concerning 
the higher members of this series of hydrocarbons. This communication 
describes a preliminary study of some of the addition reactions of two 
higher homologs of divinylacetylene. 

Several years ago Dupont2 described a general method of producing hydro- 
carbons of this type by the dehydration of acetylenic glycols. By this 
method, the two hydrocarbons, 4,7-di-n-propyldecadiene-3,7-ine-5 (I) and 
6,9-dimethyltetradecadiene-5,9-ine-7 (11), were prepared through the glycols 
obtained from di-n-propyl ketone and methyl n-amy1 ketone, respectively. 

The first of these hydrocarbons was characterized by D ~ p o n t . ~  The 
second compound had not been previously prepared and it was necessary 
to establish its structure since there were two possible products of de- 
hydration of the corresponding acetylenic glycol. Ozonization yielded n- 
valeric acid and pyruvic acid which proved that dehydration had occurred 
in the longer chain in accordance with the rule of Thorns and Ambrus3 

for the dehydration of unsymmetrical tertiary alcohols. 
These substituted divinylacetylenes (I and 11) were completely reduced 

by hydrogen in the presence of a platinum catalyst4 to yield the correspond- 
ing branched chain paraffins, 4,7-di-n-propyldecane and 6,9-dimethyl- 
tetradecane. Some experiments in partial hydrogenation using two and 
four atoms of hydrogen per molecule of hydrocarbon produced complex 
mixtures of reduction products thus showing that under these conditions 
there is no preferential point of addition of hydrogen in this conjugated 
system. Bromination experiments also produced very complex mixtures 
of unstable compounds. Even a t  O 0  the partially brominated hydrocar- 
bons lost hydrogen bromide and changed into polymeric tars. 

These substituted divinylacetylenes were more stable in air than the 
parent hydrocarbon, which has been found to polymerize and produce a 

(1) (a) Nieuwland, Calcott, Downing and Carter, THIS JOURNAL, 63, 4197 (1931); (b) Carothers, 
Williams, Collins and Kirby, ibid., 63,4203 (1931). 

(2) Dupont, Ann. chim., [8 ]  30, 485 (1913). 
(3) Thoms and Ambrus, Arch. Pharm., 263, 264 (1925). 
(4) Adams and Shriner, "Organic Syntheses," Vol. VIII, 1928, p. 92. 



hard film.la The higher homologs did polymerize slowly when exposed 
in thin layers to the air but tack-free films were not obtained. Oxidation 
accompanied this polymerization as was shown by the fact that a measur- 
able amount of oxygen was absorbed by a thin layer of 5,9-dimethyltetra- 
decadiene-5,9-ine-7 (11). During this oxidation-polymerization the odor 
of the volatile fatty acids became apparent. 

Maleic anhydride5 added to  this dienine system but the products ob- 
tained were amorphous compounds. No definite structure has as yet been 
determined for these addition products but analyses and titration values 
indicate that the ratio of unsaturated hydrocarbon to maleic anhydride is 
one molecule to two molecules. 

The substituted divinylacetylenes were treated with sulfuric acid and 
acetic acid a t  about 25", after the manner used by Grignard and Tch6ou- 
faki6 for the addition of water to conjugated diacetylenic hydrocarbons. 
I n  each case the compound produced had the empirical formula CleHzsO, 
which showed that one molecule of water had added to the hydrocarbon. 
The product of this hydration reaction decolorized a solution of bromine in 
carbon tetrachloride and also aqueous potassium permanganate, indicating 
the presence of a t  least one unsaturated linkage. The presence of a 
carbonyl group was established by the formation of a 2,4-dinitrophenyl- 
hydrazone. The unsaturated ketone was not reduced by zinc and glacial 
acetic acid, which indicated that the olefinic linkage was not conjugated 
with the carbonyl group. This observation was surprising since the simple 
addition of water to the triple bond which was expected, would have led to 
a ketone with a,P- and P,r-olefinic linkages (111). Further evidence to 

0 

show that this simple addition of water was not the only reaction which had 
occurred was obtained by catalytic reduction of the hydration product to a 
saturated hydrocarbon, C16H32, rather than to the 4,7-di-n-propyldecane 
(C16H34) which had been prepared by the reduction of the original un- 
saturated hydrocarbon (I). A comparison of the physical constants of the 
hydrocarbon, C16H32, with those of 4,7-di-n-propyldecane showed about the 
same differences as are found between cyclohexane or its alkyl substitution 
products and the corresponding open chain paraffins. 

All of these data support the view that a carbon ring had formed during 
the hydration of the dienine. In  a cyclization reaction the formation of a 
five or a six membered carbon ring would be predicted. A very reason- 
able mechanism to account for the formation of a six membered ring 

(5) The use of this reagent in the study of unsaturated conjugated systems was introduced by 
Diels and Alder, Ann., 460, 98 (1928). 

(6) Grignard and Tchboufaki, Compt. rend., 188,527 (1929); Rec. trau. chim., 48, 899 (1929). 



from the ketone (111) formed by the addition of water to the dienine is the 
following 

The addition of a second molecule of water to the unsaturated ketone 
would undoubtedly occur as indicated a t  the or,@-unsaturation and ring 
closure of this type to give a six membered ring (V) is not ~ n k n o w n . ~  

The structure represented in formula V accounts satisfactorily for all 
of the reactions of the hydration product which have been mentioned above. 
Confirmation of this structure has been obtained by ozonization of the 
cyclic unsaturated ketone. This reaction produced n-butyric acid and a 
ketonic acid CllH2003 which did not have the ketonic group in the alpha or 
beta position with respect to the carbonyl group. Ozonization of the en01 
form of the unsaturated cyclic ketone (VI) would be expected to produce 
first or-ketovaleric acid and r-keto-a-n-propyl-P-ethylcaproic acid (VII). 
This latter acid has the same empirical composition as the ketonic acid 
actually isolated from the ozonization. Under the conditions used in the 
decomposition of the ozonide, the a-ketovaleric acid would be expected to 
oxidize to n-butyric acid, which was actually isolated. 

C~HYCH C-CZHS O3 
I It* ----+ C2~5CO--CH-CH-COaH $ [C~H~COCOZH] 

HO--C C-CaH3 Hz02 1 1 
CzHs CsH7 

5- 
%< C~H~COZH 

VI VII 

Thus, all of the evidence indicates that a cyclohexenone derivative is 
formed by the action of sulfuric and acetic acids on the dienines. 

In connection with this work on the dienines, an attempt was made to 
duplicate the preparation of a compound which was obtained by Dupont2 

by the dehydration of sym-tetra-n-propylbutinediol (VIII) and described as 
a five-membered ring containing a triple bond (IX) . with other acetylenic 

(7) Reactions of this type have been observed in the terpene series, e. g., the conversion of citral 
to cymene by the action of acetic and sulfuric acids which has been reported by Verley, BuU. sac. 
chim., 131 21, 408 (1899). 



glycols Dupont had obtained products which he described as tetrahydro- 
furans and only the tetrapropyl derivative gave this acetylenic cyclic 
compound. 

C-C C=C 
C3H7\ I ~ C ~ H I  -Hz0 GHi\  I A<9Hi 

C ___f 

C ~ H /  / I ' ~ 8 ~ 7  C3H7/C\o/ C3H7 
OH OH 

VIII IX 

When this reaction was repeated the product obtained agreed in proper- 
ties and composition with the expected tetrahydrolietofuran (Xj and no 
substance corresponding to the acetylenic ring was isolated. This result 
shows that the tetrapropylacetylenic glycol is not exceptional in its be- 
havior as Dupont has previously stated. 

Some attempts were made to obtain the conjugated trienes corresponding 
to the substituted divinylacetylenes. It has previously been stated that 
partial catalytic reduction of the dienines has been found to be an unsatis- 
factory reaction because of the complex mixtures produced. Catalytic 
reduction of the acetylenic glycols to the olefinic glycols proceeded very 
smoothly but dehydration of the olefinic glycols gave only substituted di- 
hydrofurans. 

Experimental 
Sym-tetra-n-propylbutine-dio1.-This was prepared in yields of 72-73% as described 

by Dupont.$ 
Sym-dimethyl-di-n-amylbutine-dio1.--Following the same general procedure this 

was prepared in 72-76% yields. The crude product consisted of a mixture of two stereo- 
isomers; one (25 g.) melting a t  86-87' after crystallization from petroleum ether (b. p. 
65-110") and the other (55-60 g.), a liquid which boiled a t  144-146' (2 mm.). The 
solid isomer was analyzed. 

Anal. Calcd. for CI~H~OO~:  C, 75.52; H, 11.89. Found: C, 76.76; H, 11.91. 
Both glycols gave the same hydrocarbon on dehydration. A sample of the liquid 

isomer weighing 0.2931 g. liberated 48 cc. of ethane when treated with ethylmagnesium 
bromide; calcd., 50 cc. 

4,7-Di-n-propyldecadiene-3,7-ine-5.-This was prepared by the method of Du- 
p ~ n t . ~  p-Toluenesulfonic acid was less satisfactory than sulfuric acid as a dehydrating 
agent. 

6,Q-Dimethyltetradecadiene-5,9-ine-7.-This was prepared from 25 g. of the mix- 
ture of stereoisomers of sym-dimethyl-di-n-amylbutinediol by the action of sulfuric acid. 
The yield was 25 g.; b. p. 95-98" (0.5 mm.); n? 1.4866; dtO 0.8241. 

Anal. Calcd. for ClaHna: C, 87.99; H, 12.01. Found: C, 87.10; H, 12.08. 

Ozonization of 6,9-Dimethyltetradecadiene-5,9-ine-7.-0zonized oxygen was 
passed through a solution of 1.04 g. of the hydrocarbon in 200 cc. of carbon tetrachloride 
for about twelve hours. The solution of the ozonide was poured into about 40 cc. of 3% 
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hydrogen peroxide. The mixture was shaken vigorously and then the two layers were 
separated. 

The aqueous layer was treated with phenylhydrazine and after two days the pre- 
cipitate was filtered and recrystallized from alcohol. The product melted a t  185-187O 
and the melting point was not depressed by mixing the material with an authentic speci- 
men of pyruvic acid phenylhydrazone. 

The carbon tetrachloride layer was extracted with 10% sodium hydroxide solution 
and the aqueous layer was separated. The organic acid was liberated with sulfuric acid, 
extracted with ether and converted to the p-bromophenacyl ester by the method of 
Judefind and Reid.* The ester melted at  61-62' and the melting point was not de- 
pressed when the ester was mixed with an authentic specimen of the p-bromophenacyl 
ester of n-valeric acid. 

Reduction of 4,7-Di-n-propyldecadiene-3,7-ine-5.-To a solution of 10.02 g. of the 
hydrocarbon in 75 cc. of glacial acetic acid was added 0.2 g. of platinum oxide-platinum 
black.4 The mixture was shaken under pressure with hydrogen until no more hydrogen 
was absorbed. The reduction gave 9 g. of 4,7-dipropyldecane, b. p. 92-93' (1.5 mm.); 
n% 1.4368; 0.7841. The physical properties differed slightly from those given by 
D u p ~ n t . ~  

Reduction of 6,9-Dimethyltetradecadiene-5,9-he-7.-Ten grams of this hydro- 
carbon was reduced as described above. The hydrogen was absorbed very rapidly for 
two minutes and then insoluble material separated. After the addition of 125 cc. more 
of glacial acetic acid the reduction went to completion in about five minutes. The yield 
of 6,9-dimethyltetradecane was 9 g.; b. p. 103-104" (1.5 mm.); n z  1.4348; d iO 0.7787. 

Anal. Calcd. for C I ~ H ~ :  C, 84.88; H, 15.12. Found: C, 84.42; H, 15.31. 
In other runs the reduction was interrupted after the addition of one and two moles 

of hydrogen. The reduction product was isolated and carefully fractionated. Various 
fractions were examined and some were ozonized in an attempt to establish structures. 
However, all indications were that the products were complex mixtures. Since it is 
unlikely that the identical mixture of products could be obtained in repeating these ex- 
periments no details are recorded here. 

Addition of Bromine to the Substituted Diviny1acetylenes.-Both of the divinyl- 
acetylenes added bromine rapidly when treated in chloroform solution with a solution of 
bromine in chloroform, but hydrogen bromide was evolved even at  OO. When the sol- 
vent was evaporated under reduced pressure at  0' only thick, viscous, greenish tars re- 
mained. 

Drying Properties of the Substituted Divinylacety1enes.-About a half gram of each 
of the divinylacetylenes was dissolved in ether and the solution was evaporated on a 
watch glass to leave a thin film. In about twenty-four hours the film had considerable 
body but it never completely hardened. The compound with the methyl side chains 
appeared to dry the more rapidly. The rancid odor of the volatile fatty acids was no- 
ticeable after the second day. 

A sample (0.0494 g.) of 6.9-dimethyltetradecadiene-5,9-ine-7 was placed on a filter 
paper and suspended in a flask of dry oxygen which was attached to a eudiometer filled 
with oxygen. During forty-eight hours this amount of hydrocarbon absorbed 4.54 cc. 
of oxygen (0°, 760 mm.). This corresponds roughly to one mole of oxygen for one mole 
of hydrocarbon. The absorption of oxygen was most rapid during the &st four hours 
and was complete in forty-eight hours. 

Addition of Maleic Anhydride to Substituted Divinylacetylenes. (a) 6,9-Di- 
methyltetradecadiene-5,9-ine-7.-A solution of 4.36 g. of the hydrocarbon and 1.96 g. 
of maleic anhydride in 25 cc. of anhydrous xylene was refluxed for about thirty hours. 

(8) Judefind and Reid, THIS JOURNAL, 42, 1043 (1920). 



On cooling no solid separated, so the solution was refluxed for two hours with 10% sodium 
hydroxide solution. The aqueous layer was separated, filtered to remove suspended 
material, cooled to 10' and acidiied with dilute hydrochloric acid. A yellow gummy 
acidic substance separated. This was collected in ether and the solution was washed 
thoroughly with water to remove maleic acid, dried over magnesium sulfate, filtered and 
concentrated to about 5-10 cc. On pouring this concentrated ether solution into 150 
cc. of petroleum ether (b. p. 65-110") a yellow amorphous powder separated. The pre- 
cipitate was quickly collected on a suction filter and transferred to a vacuum desiccator. 
In this manner about 1 g. of a cream colored amorphous solid acid was obtained. The 
product was highly electritied. It did not possess a definite melting point when tested 
in a capillary tube, but slowly decomposed. On the Maquenne block it melted a t  163O. 
I t  was insoluble in petroleum ether and benzene and soluble in ether, alcohol, acetic acid 
and acetone. 

Analyses of various samples of this product gave carbon, 65.29-65.85% and hydro- 
gen, 8 06-8 26%. Titration gave a neutral equivalent of about 166. However, when 
the sample was boiled with alkali this value fell to about 115. This was taken to mean 
that the first product contained some anhydride groups which had not been previously 
hydrolyzed. 

(b) 4,7-Di-n-propyldecadiene-3,7-ine-5.-The hydrocarbon gave results similar to 
those obtained in the preceding experiment. The product melted a t  15g0 on the Ma- 
quenne block. I t  had a neutral equivalent of 149-153 and the values for carbon and 
hydrogen content were 64.85-65.09 and 7.47-7.70, respectively. The neutral equivalent 
dropped to about 115 when the titration was carried out in a boiling solution. 

Hydration and Cyclization of 4,7-Di-n-propyldecadiene-3,7-ine-5.-To a solution 
composed of 20 g. of concentrated sulfuric acid and 30 g. of glacial acetic acid was added 
6 g. of the hydrocarbon. The temperature was held at room temperature (about 25") 
and the mixture was stirred for about fifteen hours. The reaction mixture developed a 
deep red color during this time. The product was isolated by pouring the acid solution 
on cracked ice and extracting with ether. The ether solution was washed with 10% 
sodium carbonate solution and water and then dried over magnesium sulfate. After 
filtering the ether was evaporated and the residue was distilled under reduced pressure. 
The yield was 3 g. of a yellowish product, b. p. 107-110° (0.7 mm.); nai 1.4810; diO 
0.8995. 

Anal. Calcd. for CI6HzeO: C, 81.29; H, 11.95. Found: C, 81.49; H, 11.98. 
This product decolorized bromine in carbon tetrachloride and aqueous potassium 

permanganate. When treated with zinc in acetic acid solution some of the color was 
removed, but the compound was otherwise unchanged. The 2,4-dinitrophenylhydra- 
zones crystallized from alcohol in beautiful scarlet needles; m. p. 97-98". 

Anal.10 Calcd. for G2Hs2N404: N, 13.44. Found: N, 13.44. 
The ketone could not be reduced with hydrogen and a platinum oxide-platinum 

black catalyst in alcohol but was reduced when glacial acetic acid was used as a solvent. 
To a solution of 3.44 g. of the ketone in 50 cc. of glacial acetic acid was added 0.2 g. of 
catalyst and the mixture treated with hydrogen under pressure. Absorption of hydro- 
gen ceased in about eighteen hours. A second 3.04 g. of ketone was reduced and the 
two reduction mixtures were combined. The product obtained boiled a t  97-100' (1.5 
mm.), n? 1.4579; d iO  0.8370; MD calcd. for C16H32 (cyclic) 73.92. Calcd. for Cl6H.u 
(open chain) 76.12. Found: 73.09. 

Anal. Calcd. for C16H8,: C, 84.85; H, 15.15. Calcd. for ClaH3~: C, 85.61; H. 
14.38. Found: C, 85.96; H, 14.44. 

(9) Allen, THIS JOURNAL, 62, 2955 (1930). 
(10) This analysis was made by Mr. K Eder 



The hydrocarbon was different from the 4,7-di-n-propyldecane obtained by the re- 
duction of the original 4,7-di-n-propyldecadiene-3,7-ine-5 and was obviously a cyclic 
compound. 

Ozonization of the Cyclic Ketone.--Ozonized oxygen was passed through a solution 
of 12 g. of the ketone in 150 cc. of carbon tetrachloride for about twelve hours. More 
solvent was added as needed to maintain the original volume. The ozonide was de- 
composed by shaking the solution with about 100 cc. of 3% hydrogen peroxide. The 
carbon tetrachloride solution was separated and washed with three successive 100-cc. 
portions of water. These washings were added to the hydrogen peroxide solution, made 
alkaline with sodium hydroxide and concentrated to about 100 cc. This solution was 
acidified with sirupy phosphoric acid and distilled until about ti5 cc. of distillate was ob- 
tained. This distillate was exactly neutralized with sodium hydroxide and evaporated 
to dryness. The sodium salt was converted to the p-bromophenacyl ester8 (3 g.) m. p. 
62-63". This melting point checks that of the p-bromophenacyl ester of n-butyric acid. 
A mixed melting point of the product with an authentic specimen of the n-butyric ester 
confirmed the identification. 

The carbon tetrachloride layer remaining after the removal of the water-soluble 
material was extracted with 100 cc. of 5% sodium hydroxide solution. This alkaline 
solution was separated and acidified with hydrochloric acid. A sirupy acid separated 
and was collected in ether. After drying the ether solution over anhydrous magnesium 
sulfate and filtering, the ether was evaporated and the acid was distilled under reduced 
pressure, b. p. 110-112° (0.6-0.7 mm.). About 2 g. of this acid was obtained. 

Anal. Calcd. for C~lHzoOl: C, 66.00; H, 10.07; neutral equivalent, 200. Pound: 
C, 65.74; H, 10.02; neutral equivalent, 193. 

A semicarbazone was prepared from 0.1 g. of this acid but the small quantity of 
available material prevented complete purification, m. p. 194-195 '. However, the analy- 
sis indicated that the desired derivative had been obtained. 

Anal.lo Calcd. for C I ~ H ~ ~ O ~ N ~ :  N, 16.35. Found: N, 15.56. 
A neutral compound (about 3 g.) was obtained by evaporating the carbon tetra- 

chloride solution which remained after the extraction of the keto acid. This material 
was a yellow oil which boiled a t  8 2 - 8 8 O  (0.1 mm.); n2,0 1.4710; d:' 1.043. 

Anal.10 Found: C, 61.05, 60.95; H, 8.39, 8.46. This compound was not further 
characterized. 

Hydration and Cyclization of 6,9-Dimethyltetradecadiene-5,9-ine-7.-Following 
the same procedure that was outlined above. 14 g. of this hydrocarbon gave 5.5 g. of an 
unsaturated ketone, b. p. 128-131" (1.5 mm.); n2DO1.4750; d:' 0.8958. 

Anal. Calcd. for ClsHzsO: C, 81.29; H, 11.95. Found: C, 81.41; H, 12.01. 
The 2,4-dinitrophenylhydrazone crystallized in beautiful carmine plates which 

melted a t  104-105 O. 

Anal.lo Calcd. for CzzHazN404: N, 13.44. Found: N, 13.38. 
Catalytic hydrogenation of the ketone in glacial acetic acid over a platinum cata- 

lyst gave a hydrocarbon; b. p. 101-103" (1.5 mm.); n22 1.4533; dtO 0.8306. 

Anal. Calcd. for ClaH32: C, 85.64; H, 14.37. Found: C, 85.96; H, 14.47. 
Hydration and Cyclization of Sym-tetra-n-propylbutine-dioL-A mixture of 10 g. of 

sym-tetra-n-propylbutine-diol and a solution of mercuric sulfate, which was prepared 
by dissolving as much mercuric oxide as possible in 100 cc. of water containing 5 cc. of 
concentrated sulfuric acid, was heated a t  100 O with stirring, under a reflux condenser for 
two days. The material was thea steam distilled and the oil thus obtained was taken up 
in ether. After drying, the ether was removed and the residue distilled. About 5 g. of 
the tetrahydroketofuran was obtained; b. p. 96-100" (0.9 mm.); n2, 1.4608; dtO 0.9003. 



Anal. Calcd. for C16H~002: C, 75.53; H, 11.88. Found: C, 76.02; H, 12.05. 
Hydration and Cyclization of Sym-dimethyl-di-n-amylbutine-dio1.-The same pro- 

cedure was used in this experiment as described for the propyl isomer. From 5 g. of the 
low melting isomer of the glycol there was obtained 3 g. of the substituted tetrahydro- 
ketofuran; b. p. 112-113" (1.0 mrn.); n 2  1.4494; diO 0.8977. 

Anal. Calcd. for ClsH3002: C, 75.53; H, 11.88. Found: C, 75.15; H, 11.85. 
Sym-tetrapropylbutene-dio1.-A solution of 12.7 g. of sym-tetrapropylbutine-diol in 

150 cc. of alcohol was reduced catalytically according to the method of Adams and 
Shriner4 until one molecular equivalent of hydrogen had added. Eleven grams of a 
thick viscous colorless liquid was obtained. The olefinic glycol boiled a t  136-138' 
(1.5 mm.). 

Anal. Calcd. for C1~H3202: C, 74.94; H, 12.57. Found: C, 74.72; H, 12.68. 
Sym-dimethyl-di-n-amylbutene-dio1.-Using the same procedure 12.71 g. of the 

low-melting isomer of sym-dimethyldi-n-amylbutine-diol gave 11.5 g. of the olefinic 
glycol; b. p. 128-130" (0.4mm.); n 2  1.4657; diO 0.9022. 

Anal. Calcd. for C16H3202: C, 74.94; H, 12.56. Found: C, 75.08; H, 12.43. 
Similarly 12.7 g. of the pure high-melting isomer of the acetylenic glycol gave 11.8 

g. of the olefinic glycol; b. p. 149-151" (2.0 mm.). 

Anal.10 Calcd. for Cl~H3202: C, 74.94; H, 12.56. Found: C, 74.31; H, 12.59. 
Dehydration of Sym-tetrapropylbutene-dio1.-The same procedure was used in this 

dehydration as was described in the preparation of the substituted divinylacetylenes. 
From 10 g. of the butene-diol there was obtained 7 g. of 2,2,5,5-tetrapropyl-2,5-dihydro- 
furan, which was a colorless liquid; b. p. 92-94' (1.5 mm.) ; n2z 1.4635; dgO 0.8510. 

Anal. Calcd. for C1~H~oO: C, 80.60; H, 12.64. Found: C, 80.78; H, 12.81. 
Dehydration of Sym-dimethyl-di-n-arnylbutene-dio1.-From 10 g. of the olefinic 

glycol prepared from the low-melting acetylenic glycol there was obtained 7.6 g. of 2,5- 
dimethyl-2,5-di-n-amyl-2,s-dihydrofuran; b. p. 100-101" (3 mm.) ; n? 1.4445. 

Anal. Calcd. for CleH300: C, 80.60; H, 12.69. Found: C, 80.77; H, 12.86. 
Ten grams of the olefinic glycol obtained from the high-melting isomer of the acety- 

lenic glycol yielded 7.5 g. of the same dihydrofuran derivative. 

Summary 

1. Two substituted divinylacetylenes, 4,7-di-n-propyldecadiene-3,7- 
ine-5, and 6,9-dimethyltetradecadiene-5,9-ine-7, have been prepared and 
their reactions with oxygen, bromine, hydrogen in the presence of a plati- 
num catalyst and maleic anhydride have been investigated. 

2. Treatment of these unsaturated hydrocarbons with a mixture of 
sulfuric and acetic acids has yielded cyclic unsaturated ketones which are 
apparently derivatives of cyclohexanone. 
3. Some experiments on the dehydration and reduction of the inter- 

mediate acetylenic glycols have been performed and some di- and tetra- 
hydrofuran derivatives have been described. 

URBANA, ILLINOIS RECEIVED OCTOBER 19,1932 
PUBLISHED APRIL 6, 1933 
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Addition Compounds of Phenylboric Acid with Bases 

An addition compound of diethylamine and phenylboric acid was de- 
scribed in a brief c~mmunication.~ There it was found that this com- 
pound contained three molectiles of phenylboric acid to one of the amine. 
I t  was thought a t  first that loss of a molecule of water had occurred with 
the hydrogen of the amine and an hydroxyi group of the phenylboric acid, 
this being followed by addition of more phenylboric acid to the compound. 
It was pointed out that the analyses then obtained did not preclude the 
possibility of loss of a water molecule from the product. Since then we 
have investigated the action of other bases on phenylboric acid. The re- 
sults obtained may be briefly summarized. (1) Addition compounds 
containing one mole of the amine and three moles of phenylboric acid are 
always obtained regardless of the nature (primary, secondary or tertiary) 
of the amine. (2) Bases as strong as pyridine will form stable compounds 
whereas weaker bases including aniline, nitriles, diphenylamine and acetic 
anhydride do not form stable addition products. (3) The percentage of 
carbon obtained for the diethyl and triethylamine compounds seems to  
indicate that two molecules of water have been eliminated from the prod- 
uct. Analyses of the propylamine compound are not self-consistent 
and seem to indicate the presence of an indefinite amount of water. 

In view of results (1) and (3), the following mechanism appears probable 

OH "B" 

A molecule of the amine combines with one of phenylboric acid yielding 
"A." The base strength of the hydroxyl oxygens is increased by the 
proximity of the negative charge on the boron atom, and combination with 
two more molecules of phenylboric acid occurs on the oxygen atoms. This 
is now stabilized by loss of two molecules of water, giving the stable product 
"B," which is actually isolated. 

Experimental Section 
Materials.-Phenylboric acid was prepared according to the method of Krause and 

Nitsche2 by passing boron trifluoride into an ethereal solution of phenylmagnesium 
bromide. The boron trifluoride was prepared according to the method of RuffS by heat- 
ing a mixture of sulfuric acid, cryolite and boric oxide. The gas was passed through 
two freezing traps and through a tower containing a mixture of potassium fluoride and 

(1) Branch and Yabroff, THIS JOURNAL, 54, 2569 (1932). 
(2) Krause and Nitsche, Bcr., 66, 1261 (1922). 
(3) Ruff, "Die Chemie des Fluors," 1920, p. 25. 



fused boric oxide before entering the Grignard solution. The amines were dried over 
solid potassium hydroxide and fractionally distilled. 

Analyses.-Combustions were carried out in a tube containing two parts of copper 
oxide and one part of lead chromate in an atmosphere of air. A reduced copper spiral 
was placed at  the end of the tube to reduce oxides of nitrogen. After most of the 
sample had been burned the tube was heated to redness in a stream of oxygen. The 
percentage carbon was always low, which was probably due to occlusion of charred par- 
ticles by the boric oxide formed. The former method1 used for the determination of 
nitrogen was found to give low results. Kjeldahl analyses which had been digested for 
twelve to twenty hours with 10 g. of potassium sulfate and 3  grams of potassium per- 
sulfate were found to give fairly good results even for the pyridine and piperidine 
compounds. Boron analyses were obtained by decomposing the compound by refluxing 
in alkaline solution, neutralizing to the methyl red end-point, and titrating with sodium 
hydroxide solution in the presence of glycerine with phenolphthalein as the indicator. 

Procedure.-The amine (1 mole) and phenylboric acid (3 moles) were dissolved in 
dry ether. I t  was found that small amounts of water had no apparent effect on the 
reaction so no special precautions were taken to exclude moisture. Occasionally the 
addition product precipitated at  once. Usually, however, part of the ether was evapo- 
rated and the mixture cooled in order to obtain precipitation. In certain cases petro- 
leum ether was added and the solution evaporated to a very small volume. I t  was very 
difficult in certain cases to reproduce results once obtained. We varied the concentra- 
tions of the substances, tried the effect of small amounts of water and tried different 
temperatures, but were unable to determine the factors upon which the ease of precipi- 
tation of the compounds depended. The solid compounds obtained were washed with 
dry petroleum ether and evacuated for three hours. They were all stable in air. The 
propylamine compound did not precipitate so the ether was evaporated off and the resi- 
due recrystallized from hot kerosene, yielding a tan solid. Succeeding attempts al- 
ways yielded an immediate white precipitate which varied in composition and melting 
point, so it was not investigated further. The compounds prepared and the analyses 
obtained are given in Table I. 

%. P.' 
Amine Color C. Formula 

1 Diethylamine White 85 (C6H~B(OH)z)3~(CzH6)zNH~2Hz0 
2  Triethylamine White 39 (CsHsB(OH)z)a.(CzHa)aN.2H20 
3  Propylamine Tan 140-143 (CBHSB(OH)Z)~.C~H~NHZ.~HZO 
4 Pyridine White 148-149 (CBH6B(OH)2)3.C6H6N.2H20 
5  Piperidine Pink 213 (C6HsB (OH)Z)~.C~H~IN.~HZO 

Petcentage composition 
Carbon Hydrogen Nitrogen Boron 

Calcd. Found Calcd. Found Calcd. Found Calcd. Found 

1 65.5 65.0 65.2 7 .0  7 . 2  7 . 2  3 . 5  3 . 3  3 . 2  8 .1  7 .7  7 .9  
2 66.8 66.2 66.2 7 . 5  7 .7  7 . 3  3 . 3  3 . 2  3.2 7 . 5  7 .5  7 . 6  7 . 5  
3  64.8 61.4 59.8 6 . 8  6 .7  6 . 6  3 . 6  3 . 7  3 .7  
4  3 . 4  3 . 2  3 .3  7 .9  7 . 8  8 . 0  
5  3 . 4  3 . 2  2 . 8  7 . 8  7 . 8  7 .5  

Acetonitrile, benzonitrile, phenylacetonitrile, aniline, diphenylamine, acetic an- 
hydride, acetylacetone and the sodium salt of acetylacetone failed to form stable addi- 
tion compounds with phenylboric acid. 

In conclusion we wish to express our thanks to Mr. A. C. Paiva, who 
kindly carried out the combustions. 



Summary 
Addition compounds containing three molecules of phenylboric acid and 

one of an amine with the elimination of two molecules of water have 
been described. Bases as strong as pyridine, but not nitriles, aniline 
or diphenylamine, form stable addition compounds. The structure of 
these compounds and a mechanism for their formation have been presented. 

BERKELEY, CALIFORNIA RECEIVED OCTOBER 19, 1932 
PUBLISHED APRIL 6, 1933 

The Preparation of 4-Fluoro- and 4,4'-Difluorobenzophenone 

In connection with an investigation in progress in this Laboratory i t  
was desired to obtain some 4-fluoro- and 4,4'-difluorobenzophenone. The 
first of these has been previously prepared by Koopal through the conden- 
sation of p-fluorobenzoyl chloride with benzene,' but the second does not 
appear to have been prepared Since i t  has been shown that when phthalic 
anhydride is condensed with fluorobenzene by means of aluminum chloride 
the condensation takes place exclusively in the para position with respect 
to the fluorine atom,2 i t  would be expected that the condensation with 
benzoyl chloride would take place in a similar manner. 

As the first step in this investigation, it was shown that 4-fluorobenzo- 
phenone can be obtained through the condensation of benzoyl chloride 
with fluorobenzene, the product so prepared being identical with that  
resulting from Koopal's procedure, with no more than traces of the isomeric 
2-fluorobenzophenone being formed. Similarly, the condensation of p- 
Auorobenzoyl chloride with fluorobenzene gave almost exclusively 4,4'- 
difluorobenzophenorie. The product in this case was identified by sub- 
jecting its oxime to a Beckmann rearrangement, followed by hydrolysis to  
p-fluoroaniline and p-fluorobenzoic acid. 

Experimental Part 
4Fluorobenzophenone.-A condensation of 18 g. of benzoyl chloride and 25 g. of 

fluorobenzene, using 20 g. of anhydrous aluminum chloride, working up the product 
in the usual way, gave 17 g. (66%) of colorless crystals, m. p. 48.2-48.7" from petroleum 
ether. A mixed melting point, using an authentic preparation made according to  
Koopal's method, m. p. 48.4-48.9 (Koopal gives 52O), demonstrated that both products 
were identical. 

Anal. Calcd. for CltH90F: F, 9.50. Found: F, 9.70, 9.64. 
Evaporation of the mother liquors from the first two crystallizations gave less 

(1) Koopal, Rec. trau. china., 34, 157 (1915); Chem. Z e n f ~ . ,  11, 332 (1915). 
(2)-Hahn and Reid, T n ~ s  JOURNAL, 46, 1645 (1924). 



than 1 g. of a mixture of crystals and an oil which was not identified, showing that a t  
most only a minote amount of 2-fluorobenzophenone had been formed. 

4,4'-Difluorobenzophenone.-A similar procedure starting with 25.4 g. of p 
fluorobenzoyl chloride, 35 g. of fluorobenzene and 30 g. of anhydrous aluminum chloride 
yielded 18.5 g. (52%) of colorless crystals, m. p. 107.5-108.5° from petroleum ether. 

Anal. Calcd. for ClsHsOFz: F, 17.42. Found: F, 17.46.17.35. 
Evaporation of the mother liquor from the first crystallization gave about 1 g. of 

material melting at  approximately 100°, indicating that only a very small amount at  
most of 4,2'-difluorobenzophenone had been formed. 

4,4'-Difluorobenzophenoneoxime.-To a mixture of 5 g. of 4,4'-difluorobenzo- 
phenone, 3 g. of hydroxylamine hydrochloride, 6 cc. of water and 15 cc. of alcohol there 
was added in small quantities with shaking 5.5 g. of powdered sodium hydroxide. The 
mixture was boiled for five minutes and was then poured into a solution of 15 cc. of concd. 
hydrochloric acid in 100 cc. of water. The solid product was filtered off, dried and crys- 
tallized twice from toluene; m. p. 137-138'. 

Rearrangeme~it of 4,4'-Difluorobenzophenoneoxime.-To a solution of 2 g. of the 
oxime in 50 cc. of anhydrous ether there was added 5 g. of powdered phosphorus penta- 
chloride. The ether was distilled off on the steam-bath and the residue was treated with 
25 cc. of water. The product was filtered off, dried and recrystallized from alcohol, 
m. p. 183.5-184.2O. 

Hydrolysis of p-Fluorobenzo-p-fluoroani1ide.-One and one-half grams of the 
anilide was boiled with 200 cc. of constant boiling hydrochloric acid for six hours. An 
excess of 10% sodium hydroxide was added to the solution and it was distilled until the 
distillate no longer gave a precipitate with bromine water. About 0.5 g. of a light 
brown, oily liquid was extracted from the distillate with ether. On treatment with 
acetyl chloride, this gave a product melting a t  150.&151.3° after crystallization from 
water, in agreement with the value given by Holleman for the melting point of 9- 
fluoroacetanilide. a 

On acidifying the residue from the distillation with hydrochloric acid, there was 
obtained p-fluorobenzoic acid. 

Summary 

1. It has been shown that the condensation of benzoyl chloride and of 
@-fluorobenzoyl chloride with fluorobenzene takes place almost exclusively 
in the para with respect to the fluorine atom. 

2. 4,4'-Difluorobenzophenone has been prepared. 
ST. LOUIS, MISSOURI RECEIVED OCTOBER 20, 1932 

PUBLISHED APRIL 6, 1933 

(3) Holieman, Rec. trav. chim., 25, 330 (1906); Chcm. Zcnlr., 11, 1830 (1906). 
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The Preparation of 5-Aminouracil and of Some of its 
Derivatives 

Requiring considerable quantities of 5-aminouracil in our studies of 
colored derivatives of uracil, we were led to attempt improvements in the 
existing methods of its preparation. 5-Aminouracil has generally been 
prepared by the reduction of 5-nitr0uraci1,~ ferrous sulfate and ammonia 
being recommended for this purpose. 

We have found technical sodium hydrosulfite to be a convenient reagent 
for effecting this reduction not only with 5-nitrouracil but also with its 
derivatives. 5-Nitrouracil itself may be obtained without previously 
isolating uracil by nitrating the reaction mixture obtained in the prepara- 
tion of uracil according to Davidson and Ba~disch.~ In this way a con- 
siderable saving of time and of nitric acid is effected. 

Sodium hydrosulfite is also useful in reducing the nitroso derivative of 
6-aminouracil to 5,6-diaminouracil. In the experimental part is given a 
rapid modification of Traube's synthesis of this d i ami~~e .~  Hepner and 
Frenkenberg5 have also reported the use of sodium hydrosulfite in the 
reduction of a 5-nitroso-6-aminouracil derivative. 

Experimental 
Preparation of 5-Nitrouraci1.-The hot reaction mixture obtained after heating the 

uracil reaction mixture for one hour according to Davidson and Baudisch3 is stirred 
mechanically while 100 cc. of nitric acid (1.5) is slowly run in from a dropping funnel. 
The addition of the nitric acid causes a rise in temperature of the reaction mixture, which 
is allowed to proceed until the temperature reaches 105-110". The flask may now be 
surrounded with water while the addition of nitric acid is continued, maintaining the 
inner temperature between 105-110". I t  is important to maintain this temperature; 
otherwise nitric acid will accumulate in the reaction mixture and the reaction finally 
proceed with violence. When all the nitric acid has been added, the flask is heated on 
the steam-bath for one hour. I t  is then cooled and the contents poured into 1500 g. of 
ice. 5-Nitrouracil separates and is filtered off, washed with water and air dried; yield, 
55-60 g .  (47-51%). This product may be used without purification for the preparation 
of 5-aminouracil. 

Preparation of 5-Arninouraci1.-To a suspension of 15.7 g. of 5-nitrouracil in a solu- 
tion of 10 cc. of concentrated ammonia in 250 cc. of water is added while stirring 75 g. 
of technical sodium hydrosuliite. The solution warms up, reaching 55" in ten to  fifteen 
minutes. The mixture is finally heated to boiling, then cooled and filtered. The crude 

(1) A.M.T A. Research Department Fellow at Columbia University, 1931-1932. 
(2) Johnson and Matsuo, THIS JOURNAL, 41, 782 (1919). 
(3) Davidson and Baudisch, ibid., 48, 2379 (1926): Johnson and Flint, ibid., 83, 1079 (1931). 
(4) Traube, Ber., 33, 1371 (1900); Ann., 432, 266 (1923); Conrad, ibid., 340, 310 (1905); Biltz 

and Schmidt, ibid., 431, 94 (1923). 
(5) Hepner and Frenkenberg, Helo. Chim. Acta, 16, 350 (1932). 
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product (10.0 g.) is dissolved in a mixture of 10 CC. of concentrated hydrochloric acid and 
100 cc. of water. The solution is clarified with a bit of norite, diluted to 300 cc., heated 
to boiling, treated with 10 cc. of concentrated ammonia and cooled. 5-Aminouracil 
is obtained as colorless, silky needles; yield, 9.2 g. (73 %) . 

Anal. Calcd. for C4H60aNs: C, 37.8; H, 3.9. Found: C, 37.7; H, 3.9. 
Preparation of Derivatives of 5-Aminouraci1.-When the procedure given above is 

applied to  5-nitro-6-methyluraci16 and to 5-nitrouracil-6-potassium carboxylater similar 
results are obtained. 

Preparation of 5,6-Diarninouraci1.-To a solution of 4.6 g. of sodium in 75 cc. of 
absolute alcohol is added 6 g. of powdered urea and 11.3 g .  (10.6 cc.) of ethyl cyano- 
acetate. The mixture is heated under reflux for two hours and then filtered hot. The 
sodium salt of 6-aminouracil thus obtained is washed with alcohol and air dried. It is 
then dissolved in 100 cc. of water, to which is added 50 g. of ice and 8 g. of sodium nitrite. 
This mixture is dropped into a mixture of 24 g .  of acetic acid, 25 g. of water and 75 g. 
of ice. Concentrated ammonia is then added until t t e  solution becomes ammoniacal, 
when the rose-colored salt of 5-nitroso-6-aminourad is filtered off. This salt is then 
suspended in 250 cc. of hot water, 40 g of technical sodium hydrosulfite added, and the 
mixture heated to boiling while being stirred mechanically. The rose-colored salt is 
thus transformed into a buff-colored precipitate of 5,6-diaminouracil sulfate. The mix- 
ture is chilled and filtered. To purify the product, it  is dissolved in 100 cc. of 6% sodium 
hydroxide containing a little sulfite, and the clarified solution poured into a boiling solu- 
tion of 10 cc. of concentrated sulfuric acid in 100 cc. of water. After chilling, the 5,6- 
diaminouracil sulfate is filtered off, washed with water and air dried; yield, 13.0 g. 
(62%). 

Anal. Calcd. for (CIHBO~N~)~H~.SO~: C, 25.4; H, 3.6. Found: C, 25.3, H, 4.2. 
For analysis the product was dried a t  120'. 

Acknowledgment.-The authors are indebted to Mr. A. J. Flaxman 
for assistance in the study of the direct production of 5-nitrour&il. 

Summary 

Sodium hydrosulfite has been found to be a convenient reagent for the 
reduction of 5-nitro or nitroso derivatives of uracil to 5-amino derivatives. 

NEW YORK, N. Y. RECEIVED OCTOBER 26, 1932 
PUBLISHED APRIL 6, 1933 

(6) Behrend and Osten, Ann., 343, 133 (1905). 
(7) Behrend. ibid.,  240, 1 (1887); Biltz and Heyn, ibid., 413, 110 (1916). 
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The Catalytic Hydrogenation of Esters to Alcohols. I11 

A limitation upon the catalytic hydrogenation of esters to alcohols1 

appeared to be the labilizing effect of carbinol, carbalkoxy and phenyl 
groups for the cleavage of the carbon to oxygen linkage in the alcoh01.~~~ 
For example, ethyl phenylacetate was hydrogenated to ethylbenzene as 
well as to P-phenylethyl alcohol, i. e., CGH~CH~COZCZH~ -+ CsHsCHz- 
CHzOH ---+ CeH5CtH5 -t HzO. I t  thus seemed desirable to direct 
attention toward modifications of the catalyst and of the conditions of 
hydrogenation which might minimize the hydrogenation of the carbalkoxy 
to a methyl group without decreasing the rate of conversion to a carbinol. 
This first objective has been sought in the further study of the hydrogena- 
tion of ethyl phenylacetate. 

A comparison of catalysts and other factors in the hydrogenation of 
ethyl phenylacetate is a complicated matter because of the number of 
variables involved. At least five substances may sometimes be found in 
the product of hydrogenation, i. e., unchanged ethyl phenylacetate, phenyl- 
acetic acid, pphenylethyl alcohol, ethylbenzene and the p-phenylethyl 
ester of phenylacetic acid. The alcohol and hydrocarbon are the result 
of hydrogenation, the ethyl phenylacetate of incomplete hydrogenation, 
the /?-phenylethyl phenylacetate of alcoholysis, and the acid of hydroly- 
sis. In addition to these reactions there may occur reduction of the 
catalyst from the black or active state to the red or relatively inactive 
state. 

Folkers observed that the rate of hydrogenation, the proportion of 
products and the stability of the catalyst varied with different samples of 
ethyl phenylacetate. He was able to prepare from phenylacetyl chloride 
and ethanol samples of the ester which after careful fractionation could be 
hydrogenated rapidly and completely. In contrast to this was the ob- 
servation that the ester obtained by the alcoholysis of benzyl cyanide 
(either from a commercial source or prepared in this Laboratory) was 
especially deleterious in its effect upon the catalyst. 

It has now been found that pure ethyl phenylacetate may be readily 
prepared by heating the commercial product with catalytic nickel under 
hydrogen (3 hrs., 175O, 100 atm.) and then distilling the product. This 
process results in the elimination of any halogen or nitrogen containing 
impurities. The chief impurity is apparently benzyl cyanide which is 
eliminated in part as N-di-/?-phenylethyl phenylacetamide, (CsH5CON- 

(1) Adkins and Folkers, THIS JOURNAL, 63, 1095 (1931). 
(2) Folkers and Adkins, ibid., 64, 1145 (1932). 
(3) Connor and Adkins, ibid., 65, 4678 (1933). 



(CHzCHzC6H5)2).4 Di-p-phenylethylamine was no doubt produced from 
the cyanide.5 This compound then reacted with ethyl phenylacetate to 
give the substituted amide. Phenylacetamide was also formed, as would 
be expected, since ammonia as well as di-P-phenylethylamine is produced 
by the hydrogenation of benzyl cyanide. The amounts of the amides 
obtained indicated that the original sample of the ester contained approxi- 
mately 1% of benzyl cyanide. 

It is obvious that a complete study of the hydrogenation of ethyl phenyl- 
acetate would be so extensive as to be of doubtful value in consideration of 
the magnitude of the work involved. The present study was primarily 
devoted toward ascertaining whether the ratio of alcohol to hydrocarbon 
could be increased by modification of the copper-chromium oxide ~ a t a l y s t . ~  
As a result of a long series of experiments which need not be described in 
detail, this question mtst  be answered in the negative. It appears that the 
ratio of 8-phenylethyl alcohol to ethylbenzene is dependent upon the 
completeness of hydrogenation of the ester. That is to say the more 
completely the ester is hydrogenated the lower the amount of /3-phenyl- 
ethyl alcohol in proportion to the amount of ethylbenzene. This result is 
exactly what one would expect if the ratio of products is dependent only 
upon the relative concentration of the ester and the alcohol in the mixture 
undergoing hydrogenation. It means that none of the modifications of the 
catalyst effected a preferential action upon the hydrogenation of the carb- 
ethoxy as compared with the carbinol group The best yields of /3-phenyl- 
ethyl alcohol from ethyl phenylacetate will thus be obtained if the hydro- 
genation is interrupted prior to the completion of the hydrogenation of the 
ester. In practice the best yields were obtained if the hydrogenations 
were stopped when there was 5 to 10yo of residual ester. Under these 
circumstances the yields of alcohol were approximately 60yo based upon 
the amount of ester submitted to hydrogenation, and the time of hydrogen- 
ation was less than an hour. Yields as high as 80yo of alcohol based upon 
the amount of ester hydrogenated were obtained by interrupting the 
hydrogenation a t  earlier stages. 

Many things have been shown to lower the optimum yields of alcohol 
referred to in the preceding paragraph: i. e.,  a large amount of methanol 
(40%), or a small amount of cyanides, amines, ammonia, or acids in the 
reaction mixture; incomplete decomposition or washing of the catalyst 
resulting in the introduction of nitrogenous material into the reaction 
mixture; and deficiency in amount or activity of catalyst. All of these 

(41 M. p. 143.5'. Anal. Calcd. for CraHzaNO: N, 4.25. Found: N, 4.17. The compound was 
hydrolyzed and the corresponding arnine hydrochloride and acid identified by mixed melting point with 
authentic specimens. The substituted amide has recently been obtained in 50% of the theoretical 
yield by subjecting a mixture of benzyf cyanide and ethyl phenylacetate t o  the conditions used for the 
purification of the ester. 

(5) Cf Winans and Adkins, THIS JOURNAL, 64, 307 (1932). 
(6) Such a selective activation of nickel for the hydrogenation of benzyl alcohol and of furfural 

acetal has recently been described. Covert, Connor and Adkins, THIS JOURNAL, 64, 1655 (1932). 
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changes in conditions of hydrogenation resulted in a lower ratio of alcohol 
to hydrocarbon, i. e., in a selective deactivation of the catalyst. 

A second objective in this investigation was to increase the available 
information in regard to the effect of phenyl and cyclohexyl groups in 
various esters upon the ratio of products resulting from hydrogenation. 
To this end a number of esters containing one or the other of these groups 
were submitted to hydrogenation over copper-ehromium oxide or nickel 
catalysts. A summary of the results is given below, the yields of various 
products being indicated. 

Ethyl mandelate was hydrogenated to ethyl phenylacetate over nickel 
and over copper-chromium oxide to P-phenylethyl alcohol accompanied 

" 

by some ethylbenzene. In  the latter case the ratio of alcohol to  hydro- 
carbon was higher than when ethyl phenylacetate was subjected to hydro- 
genation. 

Xi 

Ethyl phenylacetate was hydrogenated over nickel to ethyl cyclohexyl- 
acetate and this in turn over copper chromium oxide to P-cyclohexylethyl 
alcohol. 

Ethyl o-benzoylbenzoate (I) was readily and almost quantitatively 
converted into either of two products depending upon the conditions 
adopted. (1) At 250' with the copper-chromium oxide catalyst the only 
product was o-benzyltoluene (IT), the carboxyl having been converted into 
a methyl group. 

I 

COOEt 
I 

I 
Ni 150' -1 

kc-0 I - - a  - COZH 

111 IV (95%) 

I n  alcohol, with nickel a t  150' the ketone group was converted into a 
carbinol, the latter reacted with the carbethoxy group with the elimination 
of water and the formation of a lactone (111) which then underwent hy- 



drogenolysis to o-benzylbenzoic acid (IV). The acid was not formed 
through hydrolysis, for the cleavage occurred quantitatively in an alcoholic 
solution under conditions in which hydrolysis of the ester would occur to a 
very small extent. 

The ester of o-benzylbenzoic acid was smoothly hydrogenated over 
nickel a t  150' to ethyl 0-hexahydrobenzyl hexahydrobenzoate (V). This 
ester over copper-chromium oxide a t  250° was hydrogenated to the corre- 
sponding carbinol (VI) accompanied by a small amount of the hydrocarbon 
(VII). 

/CH2-CHz \ /CHrCHz 

CHz CH-CH-CH 
\ 

\CH~--CH/ \cH~--CH., 
I 
I 

COiEt 
v (86%) 

/CH2-CH2 
CH, 

\ /CHz-CH2 \ 

\CH~--CH /CH-CH2-CH \ c H ~ c H ~  
I 

/'" 
CHzOH 

VI (74%) 
/CHz-CHe\ 

CHz 
/ CH2-CH2 

CH-CH-CH 
\ 

\CH~--<H / \cH2--cHz 

The relative magnitudes of the effects of the phenyl group in the 1 and 
in the 4 positions with respect to a carbon to oxygen linkage is well illus- 
trated by the ease and completeness of the hydrogenation of ethyl P- 
benzoylpropionate to 4-phenylbutanol-1. 

When phthalic anhydride was hydrogenated over nickel at  150' the 
first hydrogenation product was apparently phthalide (VIII).' There 
was also produced o-toluic acid (IX) and the corresponding hydrogenated 
compound, 2-methylhexahydrobenzoic acid (X). 

VIII (34%) Ix (36%) x (23%) 

(7) Cf. Eykman, Chem. Weckblad, 4, 191 (1907). 
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The hydrogenation of diethyl phthalate over copper-chromium oxide 
catalyst gave a mixture of three products, i. e., phthalyl alcohol (XI), 
o-methylbenzyl alcohol (XII), and 0-xylene (XIII). Over nickel the 
Ilydrogenation of diethyl phthalate proceeded smoothly to diethyl h a -  
hydrophtbalate (XIV). This last ester, like diethyl phthalate, gave three 
products when subjected to the action of hydrogen in the presence of the 
copper-chromium oxide catalyst a t  250'. These three compounds were 
the hexahydro derivatives of those obtained from diethyl phthalate (XV- 
XVII). However, i t  is important to note that while the hydracarbon was 
the chief product from the phenyl ester, the glycol and alcohol were the 
chief products from the cyclohexyl ester. 

-COOEt 2500 
____f 

--COOEt Cu-Cr-0 CHzOH CHZOH 

~ i L 2 0 0 0  
XI (9 to 0%) XI1 (14 to 0%) XI11 (67 to 84%) 

CH 
HzC/'H2\CHCooEt 2500 H ~ C /  2 \ c ~ ~ ~ z ~ ~  

I I -+- I I + 
HzC\CH,/ 

CHCOOEt Cu-0-0 H2C\ /CHCH20H 
CHz 

XVI (94 to 70%) XVII (6%) 

The hydrogenation of benzilic ester gave unexpected results, for this 
ester was rather rapidly hydrogenated a t  1 2 5 O ,  a temperature about 100' 
lower than that required for other esters, and the glycol (1,l-diphenyl- 
ethanediol-1,2) was obtained in a good yield (77%) despite the fact that 
one hydroxy group is but one carbon atom distant from a benzenoid ring, 
a position which renders i t  very labile toward hydrogenation. The low 
temperature required for the hydrogenation of the benzilic ester (XVIII) 
suggests that the hydrogenation proceeded through a tautomer (XIX), 
the hemiacetal of an oxido ketone (XIX). 

OH 0 0 
I II /\ 

(CsH6)2=C-C-OEt - (CsHa)2=C-C-OH 
I 
O E ~  

XVIII XIX 

Similarly ethyl diphenylacetate was rather rapidly hydrogenated a t  200° 
(a temperature about 50° lower than for ethyl phenylacetate) with the 
formation of a fair yield (5@y0) of p,p-diphenylethyl alcohol, accompanied 
by 1,l-diphenylethane (38%). In the case of ethyl diphenylacetate i t  
seems probable that the en01 of the ester, (CcH5)2C=COHOEt, is the 



compound undergoing hydrogenation. It has been shown by Staudinger 
and Meyer and by Cope and McElvain that this ester has so great a 
tendency to enolize that stable potassium and sodium derivatives of the 
en01 may be ~btained.~ 

The fact that the yields of alcohols previously obtained2 by catalytic 
hydrogenation were 0% from ethyl benzoate, 97-10070 from ethyl hexa- 
hydrobenzoate, 60% from ethyl phenylaceiate and 93% from ethyl P- 
phenylpropionate, would lead to two tentative conclusions: (a) that a 
phenyl group in the 1 position with respect to a carbethoxy is completely 
effective, under the conditions for the hydrogenation of an ester, in labil- 
izing the hydrogenolysis of a carbon to oxygen linkage, and progressively 
less so in the 2 and 3 positions; (b) that the hydrogenation of the benze- 
noid ring eliminates completely the effect noted in (a). The facts reported 
in this paper are in general those which might be expected on the basis of 
these tentative conclusions. However, certain of the results of the present 
work would not have been anticipated. For example, despite the fact 
that the carbethoxy groups in diethyl phthalate are adjacent to a benzenoid 
ring, phthalyl alcohol and o-methylbenzyl alcohol were obtained by 
hydrogenation. This result, in spite of the fact that the carbethoxy groups 
in diethyl phthalate are in the 3 position with respect to each other, as in 
diethyl succinate, a relationship which predisposes toward hydrogenolysis 
of the oxygen to carbon linkage.2 Further, the temperature required for 
hydrogenation and the yield of glycols from ethyl benzilate and diphenyl- 
acetate are not at  all those that would have been anticipated upon the 
basis of the behavior of the simpler phenylated esters, and indicate that a 
tautomer of the ester is the compound undergoing hydrogenation. 

Experimental Part 
The standard copper-chromium oxide catalyst used for the hydrogenations reported 

herewith was prepared as described for 37 KAF (p. 1140 of Ref. 2). Catalysts prepared 
by the same method but containing calcium, strontium, magnesium or manganese 
instead of barium were also used for ethylphenylacetate. In addition catalysts cx- 
carbonate (p. 1144, Ref. 2) containing barium or calcium were used as well as a catalyst 
ex-chromate containing only copper, chromium and oxygen. The ratio of catalyst to 
hydrogen acceptor was usually approximately 1 g. of catalyst to 8 g. of compound. The 
pressure of hydrogen was usually 100-170 atm. and the reactions were carried out with- 
out a solvent in the apparatus recently described.* The nickel catalyst was usually 
that prepared by the ammonium carbonate methodlo and was used in the ratio of 1 g. 
of catalyst to 12 g. of the hydrogen acceptor. The time for the hydrogenations was 
usually from one to four hours. 

The following exceptions to the statements made above should be noted. Three 
applications of catalyst were necessary in the preparation of ethyl cyclohexylacetate. 
Ethanol was used as a solvent in the preparation of o-benzylbenzoic acid, 4-phenyl- 

(8) Staudinger and Meyer, Helv. Chim. Acta, 5, 656 (1922); Cope and McElvain, THIS JOURNAL, 
54, 4321 (1932). 

(9) Adkins, Ind. Eng. Chem., Anal. Ed., 4, 342 (1932). 
(10) Covert, Connor and Adkins, THIS JOURNAL, 64, 1651 (1932). 
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butanol-1, l,2-diphenylethane, 1,2-diphenylethanediol-1,2, and of 1,2-diphenylethanol-1. 
Dimethylcyclohexylamine was used as a solvent in the hydrogenation of phthalic an- 
hydride over nickel, the reaction requiring about fourteen hours. 

The ratio of products obtained in the hydrogenation of diethyl phthalate, diethyl 
hexahydrophthalate, ethyl benzilate varied with the length of time of reaction. The 
longer the time of reaction the higher the yield of hydrocarbons as contrasted with alco- 
hols or glycols, or the yield of alcohols as contrasted with glycols. 

The alcohols and glycols reported in this paper were in general characterized by 
their b. p. or m. p. and by the saponification value of their acetates. 4-Phenylbutanol-1 
was also converted to y-phenylbutyric acid, m. p. 48". o-Toluic acid was characterized 
by its neutral equivalent. Data upon the observed physical characteristics of various 
products is given below: ethyl ~yclohexylacetate,~~210-212" (740 mm.); 2 cyclohexyl- 
ethanol-1,12 101-102 " (12 mm.) ; o-hexahydrotoluic acid,l3 98-99 " (4 mm.) ; o-toluic 
acid,I4 m. p. 101-102"; o-benzyltoluene,16 278-285" (740 mm.); 4-phenylbutanol-1,16 
124127" (9 mm.) ; o-benzylbenzoic acid," m. p. 106.5-108"; o-dimethylcyclohexanee17a 
55-59" (8 mm.); o-methylhexahydrobenzyl alcohol,l* 71-75' (3 mm.); 2,2-diphenyl- 
ethanol-l,I0 150-152' (2 mm.), m. p. 60-61"; ~ h t h a l i d e , ~ ~  m. p. 71-73'; o-methylbenzyl 
alcoh01,~h. p 32-33 "; phthalyl m. p. 65-66.5"; hexahydrophthalyl alcohol,25 
132-133 " (3 mm.), m. p. 55-56 "; 1,l-diphenylethanediol-1,2,"4 m. p 118-120 "; and 1,l- 
diphenylethane, 128-129O (8 mm.). Ethyl o-hexahydrobenzylhexahydrobenzoate 
(V), b. p. 185-158" (12 mm.), showed a molecular weight by saponification of 252.5, the 
calcd. is 252. The corresponding acid has been prepared.25 The ester was further char- 
acterized by its conversion to o-hexahydrobenzylcyclohexylcarbinol (VI), b. p. 148- 
152" (10 mm.), and o-hexahydrobenzylmethylcyclohexane (VII). 125-131" (10 rnm.). 
which were analyzed. 

Anal. Calcd. for C I ~ H ~ ~ O :  C, 80.00; H, 12.38. Found: C, 80.11; H, 12.27. 
Ana2. Calcd. for Cl~Hzs: C, 86.60; H, 13.40. Found: C, 86.41; H, 13.25. 

Summary 
A number of esters containing phenyl or cyclohexyl groups have been 

submitted to hydrogenation over nickel and copper-chromium oxide 
catalysts with the production of various esters, glycols, alcohols, and 
hydrocarbons. The general nature of the results has been indicated in the 
paragraph preceding the experimental part. 

A method has been described for the purification of ethyl a-phenylacetate 
from halogen and nitrogen containing impurities which cannot be removed 
by the ordinary methods of purification. 

(11) Freundler and Damond, Compt. rend,  141, 593 (1905). 
(12) Zelinsky, B e . ,  41, 2628 (1908). 
(13) Skita, Ann.,  431, 20 (1923). 
(14) Hessert, Ber , 11,238 (1878). 
(15) Zincke, Ann., 161, 94 (1872). 
(16) Braun, Ber., 44, 2871 (1911). 
(17) Ullmann, Ann , 291, 24 (1896) 
(17a) Eisenlohr, Forlschr. Chem , Physrk, physik. Chem., 18, 548 (1925). 
(18) Skita, Ann., 431, 20 (1923). 
(19) Ramart and Amagat, Ann. chim., [lo] 8, 290 (1927). 
(20) Wislicenus, Ber., 17, 2181 (1884). 
(21) Krober, ibid., 23, 1028 (1890). 
(22) Hessert, ibid., 12, 646 (1879). 
(23) Wieland, Schlichting and Langsdorff, Z. physiol. Chem., 161, 74 (1926). 
(24) Paal and Wiedenkaff, Bey., 89, 2063 (1906). 
(25) Willstiitter and Waldschmidt-Leitz, ibid., 54, 1423 (1921). 



An extensive study of copper-chromium oxide catalysts has failed to 
reveal any modification of the catalyst which would bring about the pro- 
duction of more alcohol and less hydrocarbon in the hydrogenation of 
ethyl phenylacetate, than does the standard type of catalyst. 

MADISON, WISCONSIN RECEIVED OCTOBER 31,1932 
PUBLISHED APRIL 6, 1933 

[CONTRIBUTION FROM THE SCHOOL OF CHEMISTRY OP THE UNIVERSITY OF MINNESOTA] 

The Jacobsen Reaction. 111. The Monobromo Derivatives 
of the Three Tetrarnethylbenzenesl 

In the previous papers of this series2 it  has been shown that when the 
polymethylbenzenes containing four or five methyl groups are allowed to 
stand in contact with concd. sulfuric acid, they first sulfonate, and then the 
sulfonic acids rearrange. These rearrangements are of a t  least two types: 
the first, shown by pentamethylbenzene, involves the migration of a methyl 
group from one molecule to another, while the second, shown by the tetra- 
methylbenzenes, is merely a rearrangement of the methyl groups within the 
molecule. I t  was therefore of interest to investigate the monobromo 
derivatives of the tetramethylbenzenes, because these are pentasubstituted 
benzenes in which the substituents differ in nature as well as in position, 
and, consequently, if they were to rearrange in a manner similar to penta- 
methylbenzene, either a bromine atom or a methyl group could migrate and 
so lead to different products. There are several references in the literature 
to migrations of halogens among the benzene derivatives, but only two 
concern the bromotetramethylbenzenes. Jacobsen3 reported that a 
mixture of bromodurene and concd. sulfuric acid gradually became dark 
and evolved considerable sulfur dioxide, and from this mixture he isolated 
and identified five products: viz., dibromodurene, prehnitene sulfonic acid, 
two isomeric pseudocumene sulfonic acids, and small amounts of hexa- 
methylbenzene. In addition to these five products, Jacobsen reported a 
small amount of brown amorphous material, and stated that no brominated 
sulfonic acids were formed. Toh14 investigated the action of sulfuric acid 
on bromoprehnitene, and reported dibromoprehnitene and prehnitene 
sulfonic acid as the products. 

In the present work, it has been found that bromodurene, in the presence 
of sulfuric acid under various conditions of time, temperature and strength 

(1) Abstracted from a thesis by Clarence L. Moyle, presented to the Graduate Faculty of the 
University of Minnesota, in partial fulfilment of the requirements for the degree of Master of Science, 
June, 1932. Presented at the 84th meeting of the American Chemical Society, Denver, Colo., August, 
1932. Paper VIII on the Polymethylbenzenes; VII, THIS JOURNAL, 64, 1614 (1932). 

(2) Smith and Lux, ibid.. 61, 2994 (1929); Smith and Cass, ibid., 64, 1614 (1932). 
(3) Jacobsen. Ber., 20, 2837 (1887). 
(4) Tohl. abid., 26, 1527 (1892). 
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of acid, rearranged to dibromodurene and prehnitene sulfonic acid. Based 
upon the equation: 2C6H(CH3)4Br + HzS04 -+ C S B ~ ~ ( C H ~ ) ~  f CsH- 
(CH3)4SOaH + I-120, the yields of dibromodurene were from 92 to %yo. 
The highest yield of prehnitene sulfonic acid obtained was 25%, but the 
reaction mixture evolved much sulfur dioxide, and 25 to 30y0 of the product 
consisted of brown or black amorphous materials. In no case was any 
hexamethylbenzene detected, and only traces of pseudocumene sulfonic 
acids were obtained. Bromoisodurene similarly gave dibromoisodurene 
(8070 yield), prehnitene sulfonic acid (354070 yield), and much sulfur 
dioxide, the dark amorphous material in this case amounting to 10-20% 
of the total product. No hexamethylbenzene was found, and only a 
trace of pseudocumene. Bromoprehnitene rearranged quickly and easily 
to dibromoprehnitene (99Y0 yield) and prehnitene sulfonic acid (Slyo yield), 
the reaction requiring only about fifteen minutes, and giving rise to much 
less sulfur dioxide and amorphous materials than the other two bromo 
compounds. 

These results show that, in the case of the bromotetramethylbenzenes, 
the bromine migrates in preference to a methyl group. Since the dibromo 
compound obtained is always the one corresponding to the monobromo 
compound used as the starting material, it  is probable that the first step in 
the rearrangement consists of the formation of the dibromo compound and 
the corresponding tetramethylbenzene sulfonic acid. The latter then re- 
arranges to the stable system prehnitene, accompanied by very small 
amounts of pseudocumene and hexamethylbenzene. In all these rearrange- 
ments, the first step is a sulfonation, for the bromo compounds themselves 
are stable in contact with phosphorus pentoxide a t  80°, or when kept in a 
desiccator over sulfuric acid, while the sulfonic acids rearrange under these 
same conditions. 

The gases evolved during the reactions were determined using the 
method already des~ribed,'~ and the results were practically the same as 
those obtained in the case of the hydrocarbons. The gas is practically 
entirely sulfur dioxide, with only a little carbon dioxide, and the total 
amount of gas is about 0.38 mole per mole of bromo compound. There is 
no visual evidence of free bromine, and no bromide ions are present in the 
absorption tube. At room temperature the rate at  which this gas is 
evolved from a 5-g. sample is very slow during the first fifteen to twenty 
hours (sulfonation), then fairly constant for about one hundred-sixty hours, 
after which it was very slow. For a 10-g. sample, the evolution of sulfur 
dioxide continues for about 360 hours, and then falls off. A great deal of 
this sulfur dioxide may come from secondary reactions, for the rearrange- 
ment of the bromo compounds to the dibromo compounds is complete a t  
room temperature in one or two days, while the evolution of sulfur dioxide 
continues for two or three weeks, and it is significant that while the brown 



amorphous by-product does not contain sulfur, yet, when placed in contact 
with sulfuric acid, much sulfur dioxide is evolved. 

The velocity and direction of the reaction of the bromo compounds with 
sulfuric acid is affected to a great degree by the temperature, for there 
appear to be upper and lower limits, outside of which the sulfonic acid 
merely hydrolyzes to the hydrocarbon, no rearrangements taking place 
Thus bromodurene and concd. sulfuric acid gave little or no reaction in 
twenty-five hours a t  10-15', while a t  25' complete rearrangement occurred. 
Using bromodurene sulfonic acid and sulfuric acid a t  10-15', about 85% 
of the sulfonic acid was hydrolyzed to bromodurene in twenty-five hours, 
while a t  25-30' the rearrangement was complete in the same time; a t  60- 
80°, the rearrangement required about thirty minutes; while a t  higher 
temperatures (130-150°), hydrolysis again became the chief reaction. The 
most fatwrablc temperatures for the rearrangement are from 25 to 30", for 
although somewhat higher temperatures increase the speed of the rearrange- 
ment, they also increase the amounts of amorphous by-products formed. 

Experimental Part 
The Jacobsen Reaction.-One experiment will be described, and the results of 

others given in tabular form. Bromodurene (0.1 mole, m. p. 60.5 O) was mixed with eight 
times its weight of concd. sulfuric acid in a loosely stoppered 250-cc. flask, and set aside 
a t  room temperature (2530') with occasional shaking. After one hour, the mixture 
became pink, after twelve hours i t  became brown, and then slowly changed t o  dark 
brown-black. During the first twelve hours, small amounts of sulfur dioxide were 
evolved, which increased in rate, reaching a maximum and fairly constant rate after the 
second day, and continuing so for 5 days, after which the sulfur dioxide evolved de- 
creased very much. At the end of ten days the mixture was poured onto 300 g. of ice, 
the lumps broken up, and then filtered. The insoluble material was dried on a porous 
plate and extracted thoroughly with petroleum ether, followed by chloroform. A 
black, insoluble carbon-like residue remained; wt., 0.6 g. The chloroform extractions 
were evaporated, yielding 4.8 g. of a brown, amorphous powder. The petroleum ether 
extractions were decolorized with norite and set aside to  crystallize, yielding 13.4 g. 
(91.8%) dibromodurene, white needles, m. p. crude, 184-191 ". This contained a little 
monobromodurene which was removed by repeated crystallization, after which the di- 
bromo compound weighed 11.2 g. and melted a t  200°. The dibromo compound was 
identilied by its melting point and mixed melting point; by reducing it with hydriodic 
acid and red phosphorus a t  225O, i t  gave a 90% yield of durene, m. p. 79.5-80.0'. 
No traces of hexamethylbenzene were detected in the water-insoluble chloroform-soluble 
products. 

The aqueous filtrate, containing the water-soluble products of the reaction, was 
decolorized by boiling for five minutes with 2 g. of norite. It was then filtered and the 
filtrate evaporated until the temperature rose to  110 O. On cooling to 0 there resulted 
3.2 g. of a sulfonic acid (m. p. 89-92") which after three crystallizations melted a t  101 O. 
It was prehnitene sulfonic acid (m. p. 103 ") identified by mixed m. p., and by conversion 
t o  the sulfonamide melting a t  186' (m. p., and mixed m, p.). 

The filtrate from the sulfonic acid was hydrolyzed by passing steam through it a t  
145". About 0.2 cc. of oil came over into the distillate. This oil gave a nitro compound 
melting a t  182.5-183.5' which was identified as trinitropseudocumene by its mixed 
pelting point with an authentic specimen (m. p. 184'). 
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Blank experiments on the monobromotetramethylbenzenes showed them to be 
perfectly stable in contact with phosphorus pentoxide or in desiccators over sulfuric acid. 
Similar experiments showed the dibrornotetramethylbenzenes to be stable when i n  
contact with sulfuric acid for two months; beyond a slight darkening, and evolution of 
a little sulfur dioxide, there was no change and 95% of the material was recovered 
pure. 

In  identifying the dibromo compounds, it was found that the mixed melting points 
with authentic specimens were of little use, because the depressions are so small that di- 
rect identification by this means becomes very uncertain. However, it  was found that 
the dibromo compounds could be converted to the corresponding hydrocarbons in 90% 
yields by heating them to 225' with hydriodic acid and red phosphorus for a few hours. 
Durene was identified directly in this way, since it is a solid, while prehnitene and iso- 
durene were identified by converting them to the dinitro compounds and comparing 
these with authentic specimens. While the two dinitro compounds melt fairly close 
together, all the possible binary mixtures of the three dinitro compounds show melting 
point depressions of 15" or more, against depressions of only about 2' for the mixtures 
of the dibromo compounds. These results are shown in Table 11. 

MIXED MELTING POINTS OF THE DIBROMO- AND DINITROTETRAMETHYLBENZENES 
Dibromo compounds Dinitro compounds 

Isodurene (199) + prehnitene (208), 198-201' Isodurene (181) + prehnitene (176), 
155-165' 

Isodurene (199) + durene (200), 198-199 Isodurene (181) + durene (206-207), 
165-178' 

Prehnitene (208) + durene (200), 203-204" Prehnitene (176) + durene (206- 
207), 162-169' 

Isodurene (181) + trinitropseudo- 
curnene (184), 161-167O 

Gaseous Products of the Reaction.-Experiments 2 and 3 were carried out in 
closed systems, sweeping a slow current of nitrogen through the apparatus and collecting 
the gaseous products in a suitable absorption train.2 Experiment 2 was run for 180 
hours, and experiment 3 for 360 hours. The weight of the gaseous products was very 
small during the first twenty-four hours, then it increased quite rapidly during the next 
125 (experiment 2) or 250 hours (experiment 3), after which the hourly production of 
gas became very small again. The results are given in the table below. 

Total gas evolved Mole ratio, 
(Gain in wt. of KOH SO9 as SOe as bromo cpd. 

Bxpt. bulb) sulfite sulfate COz to av. SOa 

The liquid in the absorption bulbs contained no sulfides, and only faint traces of 
halides. 

Preparation of Materials 

Bromodurene."-Durene (50 g.) was dissolved in carbon tetrachloride (100 g.) in a 
500-cc. 3-necked flask provided with separatory funnel, stirrer and exit tube. A crys- 
tal of iodine was added, the flask cooled in an ice-bath and then a solution of 62.7 g. of 

(6) Jacobsen, Ber., 20, 2837 (1887). 



bromine (5% excess) in 60-cc. of carbon tetrachloride was slowly added. The flask was 
kept out of direct sunlight during the bromination. The bromine was added during 
one and one-half hours, after which the mixture was stirred at  room temperature for 
one hour longer. The product was washed with 200 cc. of 5% sodium hydroxide, then 
thoroughly with water. The carbon tetrachloride was removed by distillation through 
a short column, the residue boiled for thirty minutes with a solution of 4 g sodium in 
100 cc. ethyl alcohol, and then allowed to stand overnight Water (900 cc.) was added, 
the precipitated solid filtered and dried; wt. 77.5 g. (calcd. 79.5). It was purified 
by steam distilling it for five hours to remove small amounts of dibromo compound. 
The monobromo compound was removed from the distillate by filtration, and then 
crystallized from 95% ethyl alcohol. I t  was pure white, weighed 62.8 g., and melted 
at  60.5'. 

Bromoprehnitene and Bromoisodurene.-The hydrocarbon (50 g.) was dissolved 
in glacial acetic acid (100 cc.) containing a crystal of iodine, and brominated wit11 a solu- 
tion of 62.7 g. of bromine in 62 cc. of acetic acid, using the same apparatus and conditions 
given above for bromodurene. The reaction product was poured into water a t  0°, 
whereupon a solid separated out. The water was decanted off, and the solid washed 
thoroughly with alkali followed by water (all washings at 0'). The solid was crystal- 
lized from alcohol a t  -15' and was then fractionated through a short packed column. 
Brornoisodurene, b. p., 140-142" (22 mm.). n2,8 1.5614, m. p. 7.5-8.5O; yield 34.8 g. 
from 25 g. of isodurene (calcd. 39.7 g.). Bromoprehnitene, b. p. 140-141 (30 mm.), 
ny 1.5650, m. p. 29-30'; yield 59.8 g. from 50 g. of prehnitene (calcd. 79.4 g.). 

Dibromo Compounds.-The hydrocarbon (10 g.) was dissolved in 30 cc. of glacial 
acetic acid, a crystal of iodine added, and then brominated, with stirring, by adding a 
solution of 25 g. of bromine in 20 cc. of acetic acid. The bromine was added during ten 
minutes, after which the reaction mixture stood for one hour. The resulting mass of 
liquid and solid was diluted with water, the liquid decanted, and the residual solid 
washed with alkali followed by water, after which it was filtered and dried. The solid 
obtained in this way was white and weighed 19-21 g. (calcd. 21.8). The dibromo 
compounds were purified by repeated crystallization from chloroformalcohol, by dis- 
solving them in hot chloroform, adding hot alcohol and boiling until crystallization be- 
gan. The melting points are given in Table 11. 

Bromodurene Sulfonic Acid, CeBr(CH~)~SO~H~l.5H~O.-Bromodurene (21.3 g. )  
was stirred for five minutes a t  0' with 60 cc. of a mixture of 2 parts of concd: sulfuric 
acid and 1 part of 60% fuming sulfuric acid. The reaction mixture was poured onto 500 
g. of ice and the resulting aqueous solution extracted once with chloroform. It was 
then cooled to 0 ' and 200 cc. of concd. sulfuric acid carefully added with stirring, keeping 
the temperature below 25', but adding the acid as quickly as possible since the sulfonic 
acid is slowly hydrolyzed in contact with the mineral acid. The precipitated sulfonic 
acid was filtered through cloth, and was recrystallized twice from 20% hydrochloric acid. 
The dried acid weighed 16.7 g., m. p. 142-143 O (dec.). 

Anal. Calcd. for CeBr(CHs)S03H: Br, 25.0; S, 10.0. Found: Br, 24.8; S, 
9.98. Water of hydration (loss in weight in vac. desiccator over CaClz for twenty-four 
hours) 8.5%; calcd. for 1.5 H20, 8.4%. 

Bromodurene Sulfonyl Chloride.-The dried sodium sulfonate was treated with 
1.5 times its weight of phosphorus pentachloride for one hour. The reaction mixture 
was treated with water, the solid filtered off and recrystallized twice from ether as white 
prisms, m. p. 185'. 

Bromodurene Su1fonamide.-The sulfonyl chloride was heated with concd. am- 
monium hydroxide for fifteen minutes, the reaction mixture cooled and the solid filtered 
off and crystallized from alcohol; m. p. 194'. 



Summary 
1. The Jacobsen reaction on the bromotetramethylbenzenes consists in 

the migration of a bromine atom to give the corresponding dibromo com- 
pound and prehnitene sulfonic acid. The usual by-products of sulfur 
dioxide and a brown amorphous material are obtained. 

2. The first step in the reaction is sulfonation, and the sulfonic acid is 
the rearranging molecule. 

3. Whether the reaction consists of the rearrangement or merely hy- 
drolysis of the sulfonic acid, depends on the temperature. At very low and 
very high temperatures, the main reaction is hydrolysis. The best tem- 
perature for the rearrangement is from 25 to 65O. 

4. The dibromo compounds cannot be identified by their mixed melting 
points, as the depressions are only about 2O, but the dinitro compounds 
give depressions of 15' or more and the series dibromo compound, hydro- 
carbon, dinitro compound can be used as a method of identification. 

5. The dibromo compounds do not rearrange in contact with sulfuric 
acid. 

MINNEAPOLIS, MINNESOTA RECEIVED NOVEMBER 3, 1932 
PUBLISHED APRIL 6, 1933 

Preparation of Substituted Vanillic Acids 

Benzaldehydel and anisaldehyde2 are easily oxidized by air to the 
corresponding acids. fi-Hydroxybenzaldehyde3 and protocatechuic alde- 
hyde* are more resistant and are not oxidized readily by potassium per- 
manganate solution but require fusion with caustic potash to give the 
acids. Tiemann5 found that treatment of vanillin solutions with oxidizing 
agents caused hardly any change, or else complete decomposition, de- 
pending on conditions. Vogele prepared 5-nitrovanillic acid, and Brady 
and Dunn7 obtained the 5-bromo compound by hydrolysis with alkali of 
the corresponding nitriles which, in turn, had been obtained from the re- 
spective oximes. Bromovanillin could not be oxidized by acetic acid 
solution of chromic acid or by alkaline perrnanganate. 

The recent syntheses in this Laboratory of all chlorine and bromine 
(1) Wiihler and Liebig, Ann., 3, 250 (1832). 
(2) Cahours, ibid., 66, 308 (1845). 
(3) Biicking, Ber., 9, 529 (1876). 
(4) Fittig and Remsen, Ann., 169, 150 (1871). 
(5) Tiemann, Bw., 9, 415 (1878). 
(6) Vogel, Monotsh., 80, 389 (1899). 
(7) Brady and Dunn, J .  Chem. Sac., 107, 1860 (1915). 



substitution products of vanillin required by theory provided material 
from which the corresponding acids might be prepared. Since the latter 
cannot be obtained by oxidation of the aldehydes in the usual ways the 
methods of Vogel and of Brady and Dunn were tested further. The 
oximes, prepared as directed in the l i t e ra t~re ,~  were converted by boiling 
with acetic anhydride into the acetoxynitriles, and the latter were hy- 
drolyzed by solution of potassium hydroxide, as indicated below. 

In general, good yields of acid were obtained in this hydrolysis, and the 
effect of steric hindrance was noted only when both ortho positions were 
substituted. In the case of 2,6-dibromovanillin (CHO = 1) none of the 
required acid was isolated, but 87% of the nitrile, m. p. 215', was re- 
c ~ v e r e d . ~  

Experimental Part 

5-Bromo-6-chlorovanillin Oxhe.-This was obtained in 79% yield by refluxing for 
one hour a mixture containing 12 g. of the required vanillin, 4 g. of hydroxylamine hy- 
drochloride, 3.2 g. of anhydrous sodium carbonate dissolved in 100 cc. of alcohol and 20 
cc. of water, and finally adding water to the hot liquid to precipitate the product. Re- 
crystallization from dilute alcohol gave fine colorless needles, m. p. 203-204" with appar- 
ent decomposition. 

Anal. Calcd. for CsH70*NC1Br: X, 41.17. Found: X, 40.61. 
The isomeric 5-chloro-6-bromovanillin oxime was obtained in 81% yield as de- 

scribed above. Crystallization from dilute alcohol gave colorless needles; m. p. 203- 
204" with decomposition. A mixture of the oximes melted at  200'. 

Anal. Calcd. for C~HTOINC~B~: X, 41.17. Found: X, 40.65. 
Preparation of Acetoxynitri1es.-A mixture of the oxime and slightly more than 

three times its weight of acetic anhydride was gently boiled for an hour under a reflux 
condenser, and the resulting liquid poured into several volumes of ice and water which 
was being stirred mechanically. In  many instances the product separated as an oil, 
but neutralization with potassium hydroxide and stirring caused i t  to solidify. The 
composition and general properties are recorded in Table I. 

Hydrolysis of the Nitriles.-To avoid the difficulty involved in the use of hot alkali 
solution on glass vessels and the consequent contamination of products with silica at- 
tempts were made to hydrolyze the nitriles with 90% sulfuric acid.1° Experiment 
showed that this would cause much loss by charring and make it difficult to secure any 
pure product. The method adopted was to boil the nitriie with 6 N potassium hy- 
droxide solution under a return condenser until no more ammonia was evolved. The 
cooled mixture was then acidiiled by concentrated hydrochloric acid, cooled again, the 
precipitated acid collected and crystallized from a suitable solvent. The effect of halo- 
gen substitution in the time required for hydrolysis, and the composition and properties 
of the acids are indicated in Table 11. 

(8) Raiford and others, THIS JOURNAL, 62, 4576 (1930). 
(9) The composition was checked by bromine determination. A d .  Calcd. for CsH602NBrz: 

Br, 62.11. Found: Br, 51.97. 
(10) Sudborough, J. Chcm. Soc., 67, 602 (1895). 





Summary 
1. Chlorine and bromine as substituents in vanillin oxime cause no 

appreciable hindrance in the formation of the acetoxynitriles. 
2. The acetoxynitriles may be hydrolyzed by caustic potas11 solution to 

give high yields of the corresponding acids, unless both ortho positions are 
substituted. When the 2,6-dibromo compound was used no acid was ob- 
tained but 8Tyo of the nitrile was recovered. So far as examined,. the 
chlorine derivatives are more reactive than the bromine compounds. 

3. Each of the four 5,6-dihalogenated vanillic acids studied crystaliized 
from water with half a molecular proportion of solvent of crystallization 

4. Further work is in progress. 
IOWA CITY, IOWA RECEIVED NOVEMBER 7, 1932 
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, THE OHIO STATE UNIVERSITY] 

The Resolution of P-Ethoxyamines 

In  an earlier paper1 a method has been described for the synthesis of 
0-ethoxyamines. The present paper describes the complete resolution of 
P-ethoxyhexylamine and P-ethoxy-P-phenylethylamine and the partial 
resolution of ,f3-ethoxybutylamine and 0-ethoxyamylamine. The resolution 
of these amines proved to be extremely difficult. There appeared to  be no 
marked difference in the solubility of the acid tartrate or camphor sul- 
fonate salts of the d- and l-amines, and in addition there was a tendency 
to form gels which could not be filtered. In certain of the cases studied, 
more than twenty fractional crystallizations failed to yield a salt of con- 
stant rotation. In other cases a salt of constant rotation was obtained in 
two or three recrystallizations, and although fifteen to twenty additional 
crystallizations failed to change its rotation, the activity of the amine 
recovered from the mother liquor and the complete resolution of the amine 
by other resolving agents showed that only a partial resolution had been 
effected. 

Considerable doubt may exist as to the completeness of a resolution 
if a statement indicating the constancy of the rotation of the salt or even 
the specific rotation of the salt is omitted. If the maximum rotation of the 
final pure salt were included, the repetition of the resolution by others 
would be greatly facilitated. A second consideration that is often over- 
looked in the resolution of asymmetric compounds is a determination 
of the rotation of the active compound that may be obtained by the 
hydrolysis of mother liquors which contain the more soluble fraction. 
In the case of the attempted resolution of p-ethoxy-P-phenylethylamine 

(1) Wernert and Brode, THIS JOURNAL, 64, 4365 (1932). 



as described in this paper, the resolution was apparently complete, in that 
the less soluble fraction had reached a constant rotation which was not 
altered by more than ten additional crystallizations, yet the more soluble 
fraction from the'mother liquors gave an amine with a rotation of +16.2', 
while the amine obtained from the supposedly pure crystals of constant 
rotation had an activity of only - 4 . 3 O .  An incomplete examination of 
the.literature shows that, while in most cases no mention is made of the 
rotation of the active compound obtained from the mother liquors, there 
are a few reported in which the rotation of the asymmetric 
compound from the mother liquor was actually reported as higher than 
that of the supposedly pure material obtained from the less soluble frac- 
tion. The existence of these known cases, together with the absence of 
data on the activity of the mother liquor or more soluble compound, would 
tend to leave some uncertainty with regard to the completeness of some 
resolutions. 

Experimental and Discussion 
Partial Resolution of j3-Ethoxybuty1amine.-This resolution was first attempted 

with d-tartaric acid: 35.8 g. of amine was dissolved in 275 cc. of absolute alcohol and 
added to 47.2 g. (5% excess) of d-tartaric acid dissolved in 300 cc. of absolute alcohol. 
On cooling to 0°, the mass congealed and it was necessary to centrifuge in order to sepa- 
rate the solid matter from the alcohol solution. The separation of the two forms by 
fractional crystallization was so slow that there was no evident approach to a constant 
rotation. After more than 20 fractionations 4 g. of product having a specific rotation 
of f34.5" was obtained. On the opposite end of the series 17 g. of crystals was obtained 
from the mother liquors of the most soluble fractions which gave a specific rotation of 
$lO.lO. Evidently a separation of the optical antipodes was taking place but the 
failure to obtain a constant rotation in the less soluble fraction indicated that only a 
partial resolution had been effected. The resolution was then undertaken with d- 
camphorsulfonic acid as the resolving agent; 109.3 g. of d-camphorsulfonic acid was 
added to 52.6 g. of 8-ethoxybutylamine dissolved in 200 cc. of ethyl acetate. The first 
crystals which separated out on cooling had a specific rotation of +16.4". After eight 
recrystallizations the less soluble fraction had a rotation of $19.7". Three additional 
fractionations gave salts with rotations of $20.5, $19.3 and +19.G0, respectively. 
The material having a specific rotation of +19.6" amounted to 48.5 g. The free amine 
was prepared from this fraction by treatment with an excess of a concentrated sodium 
hydroxide solution and extraction with ether. The ethereal extract was dried over 
solid sodium hydroxide and on distillation yielded 10.5 g. of amine, b. p. 137.5-138.5"; 
0.5738 g. of the amine in 25 cc. of absolute alcohol gave [cr]2,6 3-7.9'. The gum-like 
mass which resulted upon concentration of the most soluble fractions was decomposed 
with sodium hydroxide in the same manner as the less soluble salt. Eleven grams of the 
amine was obtained, b. p. 62.5-63.5' a t  48 mm.; 0.4850 g. of the amine in 25 cc. of abso- 
lute alcohol gave [ o r 1 2 ~  -11.3'. The greater activity of the more soluble fraction would 
indicate that only a partial resolution had been effected. 

Partial Resolution of 6-Ethoxyamyhmhe.-d-Camphorsulfonic acid did not form 
a well-defined crystalline salt with this amine so that d-tartaric acid was the only resolv- 

(2) Fischer and Scheibler, Ann., 383, 344 (1911). 
(3) Pierre and Billon, Ann. chim., 7, 350 (1927). 
(4) Fujisi, Sci. Papers Insl. Phys.-Chem. Research (Tokyo), 8, 161 (1928). 



ing agent used in an attempt to separate the isomeric forms of this base; 250 g. of 6- 
ethoxyamylamine in 500 cc. of ethyl alcohol was added to 286 g. of d-tartaric acid 
dissolved ill a solution of 500 cc. of 95% alcohol and 50 cc. of water. On cooling the amine 
acid tartrate separated out in a solid unfilterable mass. Dilution with alcohol to a total 
volume of 3.5 liters still gave a solidified gel-like form which had to be centrifuged to 
separate the solid from the solvent. Recrystallization and centrifuging again gave 149 g. 
of a salt, [a)': +-15.7'. Eight recrystallizations produced a salt with a rotation of 
+28.6', each fraction having a product of higher rotation than that of the preceding 
fraction. Examination of the end fractions of the more soluble salt showed salts of 
+11.6 and +9.6" for the last two fractions. In view of the fact that a t  no time during 
the fractionation were well-defined crystals formed and that the amount of the cnd frac- 
tions were rather small, with no indication of a constant rotation, i t  was not possible to 
carry the fractionation to completion. 

Resolution of p-Ethoxyhexy1amine.-This amine did not form a well-defined crys- 
talline salt with d-camphorsulfonic acid, so the resolution was attempted only with d- 
tartaric acid. The d-acid tartrate was formed by the reaction of 335 g. of p-ethoxy- 
hexylamine in 500 cc. of 95% alcohol with 346 g. of d-tartaric acid dissolved in 500 cc. 
of 75% alcohol. The solution was made up to a volume of 1.5 liters by the addition of 
50% alcohol and on cooling deposited 280 g. of salt which was separated by centrifuging, 
[a]y +8.4O. Subsequent recrystallization from 95% alcohol gave rotations of 4-1.01, 
-2.8, -4.5 and -5.8" for the second, fourth, sixth and eleventh recrystallizations. 
The less soluble middle fractions were then worked up until they gave a rotation of 
-5.9" and combined with this latter fraction. A yield of 102 g. of this salt was obtained; 
it formed short thick needles, m. p. 119.5-120.5". The free amine was obtained by 
treatment with sodium hydroxide in the manner previously described. Sixteen grams 
of amine was obtained from 35 g. of salt, b. p. 70.5-70.7O (at 14 mm.); 0.5288 g. made 
up to 25 cc. in 95% alcohol gave [or]? -24.6'. After the removal of several inter- 
mediate fractions from the mother liquor, the liquid residue was cooled to 0". An 
amorphous residue was obtained which was centrifuged, washed with alcohol and finally 
recrystallized from 95% alcohol; 100 g. of this material was obtained, [a]2D6 4-14.6'. 
After six recrystallizations a rotation of [or]? $24.2" was obtained, which was not in- 
creased by two additional recrystallizations. Forty grams of this salt was decomposed 
with saturated sodium hydroxide solution as previously described. A yield of 16 g. of 
amine, b. p. 70.8-71.2" (at 15 mm.) was obtained. 0.6242 g. in 25 cc. of 95% ethyl alco- 
hol gave [or]y +8.6'. 

Resolution of 0-Ethoxy-8-phenylethy1amine.-One hundred grams of 8-ethoxy- 
8-phenylethylamine was dissolved in 300 cc. of ether and 147 g. (501, excess) d-camphor- 
sulfonic acid was added to the solution in small portions, together with 450 cc. of ethyl 
acetate. The solution was heated during this process and upon cooling 130 g. of short 
well-defined crystals separated; 0.2270 g. of these crystals in 10 cc. of water gave 
[a]? f13.2 '. Recrystallization of this salt six times from ethyl acetate produced little 
change in the rotation. A final yield of 63 g. of salt was obtained which had a rotation 
of [a]%' + 11.4' (m. p. 139-40 O ) .  Treatment of this salt with an excess of concentrated 
sodium hydroxide solution and extraction yielded the amine, b. p. 102-103 O (at 10 mm.) ; 
0.7003 g. in 25 cc. of ethyl alcohol gave [a]y -4.3'. After separation of several inter- 
mediate fractions, the mother liquors were evaporated to dryness and the gum-like 
residue which could not be crystallized was hydrolyzed with sodium hydroxide and ex- 
tracted with ether. An amine, b. p. 102-103" a t  10 mm., was obtained, 0.7493 g. of 
which in 25 cc. of 95% ethyl alcohol gave [rul2; +-11.8'. 

Since over half of the camphorsulfonate salt had a nearly constant rotation, and the 
rotation of the recovered amine from the more soluble fraction was considerably higher 
than the amine from the less soluble fraction, the entire resolution was again repeated. 
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In the second resolution results were obtained which were identical with those of the 
first resolution. This d-camphorsulfonate salt ([a]? f 11.0 O )  was recrystallized from a 
number of organic solvents such as acetone, xylene, cyclohexane, diethyl ether, etc. 
Within the limits of observational error there was no change in the rotation of these re- 
crystallized salts. The failure to effect a resolution, although a salt of constant rotation 
was obtained, would argue for the existence of some form of racemic compound which re- 
sists fractional crystallization. Such an effect has been noted in the resolution of other 
organic ~ornpounds.6~~~~ 

With the failure of the d-camphorsulfonate method of resolution the d-acid tartrate 
was tried. The crystals obtained from the d-acid tartrate salts were not as well defined 
as those from the d-camphorsulfonate salts, and the earlier fractionations gave distinct 
gels which could only be separated by centrifuging. Upon the gradual separation of the 
salts into the enantiomorphic forms the crystalline character improved and the final 
fractions were recrystallized with ease. Ninety grams of P-ethoxy-6-phenylethylamine 
was dissolved in 1200 cc. of alcohol to which was added 81.7 g. of d-tartaric acid. Frac- 
tional crystallization through seven series of fractionations caused only a slight rise in 
the rotation of the less soluble salt. On the eighth and ninth fractionations there was a 
distinct rise in the rotation of the less soluble fraction, together with a distinct decrease in 
the rotation of the central fractions, although the more soluble fraction had a rotation 
between these two. Further fractionation showed that compounds of different crys- 
talline form were separated in the various intermediate fractions, those of a needle type 
being strongly dextrorotary while those of a plate type were levorotary. A careful 
separation of the fractions in accordance with the crystalline character of the salts showed 
an alternation between the two types. These were eventually concentrated into three 
series of needle fractions and three series of plate fractions. After some seven or eight 
fractionations a constant rotation of [a]': +70.5" was reached in the less soluble (needle 
series), and a rotation of [a]': -44.345.2 O in the plate series. 

Ingersol15 and Read, Campbell and Barker8 have noted a similar anomaly in the 
resolution of dl-diphenylhydroxyethylamine, in that the first fraction of the d-camphor- 
sulfonate gave on hydrolysis the pure d-base, while the sccond fraction on subsequent 
crystallization gave the 1-base. I t  would appear that the solubility and rate of crystal- 
lization of the two acid tartrates were approximately the same, as would be evidenced by 
the slight resolution effected in the first seven fractionations. The fact that they were 
of markedly different crystalline character, however, might permit the possibility of one 
form separating from a supersaturated solution without the other form coming out of 
solution. Once having obtained a relatively pure form it would be a simple matter to 
complete the purification by fractional crystallization. In order to prove this a satu- 
rated solution was made from a mixture of equal parts of the two active salts ([a]? 
4-71 and -45"). I t  was found possible to induce the crystallization of either form by 
the addition of the appropriate seeding crystal. This would substantiate the suggestion 
of Stewart

g 
that resolution is more a function of rate of crystal formation than of solu- 

bility. Ingerso115 and Read and Reid1o have noted a similar effect in the inoculation of 
a racelnic solution with a crystal of either of the isomeric forms (dAdB or dA1B) to 
induce the crystallization of that form from solution. 

Thirteen grams of the d-salt ([a]% +70.g0, m. p. 170.0-170.5") was dissolved in 
water and treated with a saturated solution of sodium hydroxide. The liberated amine 
was extracted with ether and distilled; 0.5609 g. of the amine in 25 cc. of ethyl alcoiiol 

(5) Ingersoll THIS JOURNAL, 47, 1168 (1926); 60, 2264 (1928); 54, 274 (1932) 
( 8 )  Reed and Steel, J. Chem Sac . 910 (1927). 
(7) Colles and Gibson, zb+d., 100 (1928). 
(8) Read, Campbell and Barker, zbsd., 2310 (1929). 
(9) Stewart and Allen, THIS JOURNAL, 54, 4027 (1932) 

(10) Read and Reid, J. Sac. Chem. lnd., 47, 9 (1928). 



gave a = +4.70 or [a]': 3.104.5". Ten grams of the 1-salt ([a]? -45.0°, m. p. 168.5- 
169 ") was converted into the free amine in a similar manner; 0.5031 g. of this amine in 
25 cc. of ethyl alcohol gave a! = -4.19 or [a]% -104.2O. 

Summary 
A number of @-ethoxyamines have been partially or completely re- 

solved. A study has been made of the procedure of resolution of these 
amines with d-camphorsulfonic acid and d-tartaric acid. I t  has been shown 
that it is possible to recrystallize a less soluble salt until a constant rotation 
is obtained and still not have effected a complete resolution. It is also 
possible that a salt may be recrystallized twenty or more times without 
reaching a constant rotation. If the salts of the enantiomorphic forms have 
a markedly different crystalline form, it is possible to crystallize either from 
a saturated solution of the active salt of the racemic compound (such as 
dA-d1B) by seeding with the pure active salt of the active compound 
(such as dAdB or dAZB). 

COI~UMBUS, OHIO RECEIVED NOVEMBER 7, 1932 
PUBLISHED APRIL 6, 1933 

The Action of Chlorine on p-Toluenearsonic Acid under the 
Influence of Ultraviolet Light and its Chlorination with 

Hypochlorous Acid 

I t  has been shown that the presence of phosphorus trichloride, phos- 
phorus pentachloride1 or ultraviolet light2 greatly increases the rate of 
substitution of chlorine into the side chain of an aromatic hydrocarbon, 
when treated with chlorine. Book and Eggert3 found that a t  a tempera- 
ture of -80' xt was possible to obtain a sixty to seventy per cent. yield 
of benzyl chloride if the reacting mixture was irradiated with ultraviolet 
light. p-Nitrotoluene has been chlorinated in the side chain, by passing 
the chlorine into the substance heated to 185-190°.4 

Since toluene and especially p-nitrotoluene can be chlorinated in the 
side chain, it was thought that the analogous fi-toluenearsonic acid, con- 
verted into the corresponding dichloroarsine by means of phosphorus tri- 
chloride and dissolved in a suitable solvent such as carbon tetrachloride, 
could likewise be chlorinated, the idea being to introduce one, two or 
three chlorine atoms into the side chain, and then by hydrolysis to obtain 
the corresponding alcohol, aldehyde and acid. In none of the experiments 

(1) F. Berlstein, Ann., 116, 336 (1860). 
(2) Sabatier and Reid, "Catalysis in Organic Chemistry," D. Van Nostrand Co.. New York, 1922. 

p. 105. 
(3) Book and Eggert, 2. EZeklrochem., 29, 821 (1923). 
(4) Wachendorff, Ann.. 186, 271 (1877). 



carried out in this manner was there any indication of side chain sub- 
stitution. When hexachloroethane, a much higher boiling substance, 
was used as a solvent the 4-methylphenyltetrachloroarsine formed by 
the action of chlorine on 4-methylphenyldichloroarsine was decomposed 
and the product obtained after hydrolysis proved to be p-chlorobenzoic 
acid. 

One of the characteristic reactions of tetrachloroarsines is decomposition 
according to the equation5 

However, the literature indicates that most of these reactions are sealed 
tube reactions, a t  temperatures around 200°, and no record could be found 
of the use of chlorine in breaking the arsenic to carbon linkage under 
normal pressure a t  temperatcres arolind 180'. Similar results were ob- 
tained at temperatures ranging between 75-120' when the reaction was 
carried out under the influence of ultraviolet light. At temperatures 
around 100°, the orange colored 4-methylphenyltetrachloroarsine would 
suddenly decompose into p-chlorotoluene and arsenic trichloride after being 
exposed to the ultraviolet light for about two hours. With continued 
chlorination a t  the same temperature and in the presence of ultraviolet 
light, there was a rapid gain in weight, indicating that the p-chlorotoluene 
was being chlorinated. 

Toluene has also been chlorinated by means of hypochlorous acid16 the 
chlorine substituting in the ring or side chain, depending upon the condi- 
t i o n ~ . ~  Hypochlorous acid will chlorinate the side chain if i t  is more con- 
centrated than one normal or if the temperature is above 40°. Low con- 
centration of hypochlorous acid or low temperature will favor ring sub- 
s t i t ~ t i o n . ~  The literature does not reveal an instance where toluenearsonic 
acids have been chlorinated by means of hypochlorous acid in an aqueous 
medium. It was found in the case of p-toluenearsonic acid that chlorine 
substituted in the nucleus and not in the side chain. In  order to prove 
the position of the chlorine in the ring, the arsonic acid was converted 
into the corresponding tetrachloroarsine, the arsenic to carbon linkage 
broken by the action of chlorine under the influence of ultraviolet light, 
and the dichlorotoluene thus formed was chlorinated and hydrolyzed to 
yield 2,4-dichlorobenzoic acid. 3-Chloro-4-methylphenylarsonic acid has 
not been described previously. 

In view of the fact that work in this Laboratory has shown that the ar- 
senic to carbon linkage can be ruptured readily by the use of chlorine 
in the presence of ultraviolet light, the method should prove of value in the 
determination of the structure of more complex arsenicals. 

(5) La Coste and Michaelis, Ann., 201, 198 (1880). 
(6) Levinstein and Bader, British Patent 134,909 (1918). 
(7) Clark, Chem. News, 143, 265 (1931). 
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Experimental 
4-Methy1phenyldichloroarsine.-It was necessary to reduce p-toluenearsonic acid 

since it is insoluble in carbon tetrachloride. The reduction was accomplished by the 
action of phosphorus trichloride on the arsonic acid.8 

4-Methylphenyltetrachloroarsine.--Th~s was prepared by the action of dry chlorine 
on a carbon tetrachloride solution of 4-methylphenyldicl~loroarsine according to  the 
method of La Coste and Michaelis.@ 

Chlorination with Hexachloroethane as the Solvent.-To 4-methylphenyltetra- 
chloroarsine prepared from 10 g. of p-toluenearsonic acid was added 125 g. of hexa- 
chloroethane and the temperature held at 140' for the chlorination. The increase in 
weight was slow, approximately twelve hours being required for the chioririation. 
One hundred cc. of water was added to the reaction mixture, and after refluxing for a 
few minutes enough 6 N sodium hydroxide was added to make the mixture alkaline 
to litmus paper. On cooling, the hexachloroethaue layer solidified and the water layer 
was poured off. The water layer was acidified to litmus paper with concentrated hydro- 
chloric acid, and the white crystalline precipitate which formed was filtered off and re- 
crystallized twice from an alcohol-water mixture; yield of p-chlorobenzoic acid 70-8070'0, 
sublimed a t  230-232". The p-chlorobenzoic acid was identified by preparing the amide, 
which melted a t  174'. The neutralization equivalent for the obtained acid was 157.9 
(calcd. 156.6). 

Optional Method.-Ten grams of p-toluenearsonic acid, dissolved in 125 g. of 
hexachloroethane a t  a temperature of 140°, was heated to 185190" and chlorinated 
for ten hours or until the weight had increased the calculated amount. The mixture 
was then treated as outlined above and an 80% yield of p-chlorobenzoic acid, subliming 
at 231 O, was obtained. 

Chlorination in the Presence of Ultraviolet Light.-4-Methylphenyltetrachloro- 
arsine was prepared from 10 g. of p-toluenearsonic acid, as outlined above, and the car- 
bon tetrachloride removed under diminished pressure. The resulting product was 
transferred as a liquid to a 100-cc. quartz flask fitted with a small stirrer which could be 
rotated rapidly, and a long condenser as well as an inlet tube for dry chlorine. The 
source of ultraviolet light was a carbon arc larnp placed about six inches from the 
quartz flask. With rapid stirring the chlorine was allowed to bubble slowly through the 
4-niethylphenyltetrachloroarsine at  a temperature of 90-100". After the mixture had 
been exposed to the ultraviolet light for two to three hours, it suddenly lost its orange 
color and became practically colorless. With continued chlorination in the presence of 
ultraviolet light, the weight of the flask increased 7.8 g. The solution was cooled to 
room temperature, 20 cc. of water added slowly through the condenser and then enough 
6 N sodium hydroxide was added to make the solution alkaline to litmus paper. After 
refluxing the mixture with stirring for thirty minutes, it  was cooled to room temperature, 
made acid to litmus paper with concentrated hydrochloric acid, decolorized with activated 
charcoal and finally made acid to Congo red paper. The p-chlorobenzoic acid which 
separated was filtered off and recrystallized twice from an alcohol-water mixture; yield 
70-75% of the calculated amount, sublimed 230-232 O ;  identified by preparing its amide. 

In  another experiment carried out as above, the chlorination was stopped a t  the 
point where the orange color of the 4-methylphenyltetrachloroarsine disappeared. 
The solution was subjected to fractional distillation, three fractions being collected. 
The first fraction (75-100") consisted of phosphorus trichloride; the second fraction 
(100-130") consisted largely of arsenic trichloride, while the third fraction (130-165') 
was almost entirely p-chlorotoluene. This final fraction (130-165') was refractionated 

(8) La Coste, Ann.,  208, 16 (1881). 
(9) La Coste and Michaelis, ibid., 201, 249 (1880). 
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and 5 cc. of a liquid boiling at  161 " was obtained. I t  was identified as p-chlorotoluene 
by placing it in a quartz flask and chlorinating in the presence of ultraviolet light. 
Hydrolysis of the product as carried out above gave p-chlorobenzoic acid, which was 
finally converted to the amide. The fraction boiling between 100-130" was dissolved 
in 6 N sodium hydroxide solution, the solution made just acid with hydrochloric acid 
and hydrogen sulfide passed through. Arsenous sulfide precipitated out, thus identify- 
ing the fraction as arsenic trichloride. 

Chlorination of p-Toluenearsonic Acid with Hypochlorous Acid 
3-Chloro-4-methylphenylarsonic Acid.-Fifty grams of sodium hydroxide dissolved 

in 125 cc. of water was placed in a one-liter round-bottomed flask, fitted with a mechani- 
cal stirrer, chlorine inlet, and a tube to lead away the excess chlorine. The flask was 
placed in an ice-bath and when the temperature of the solution had fallen to 5 ' or less, 
chlorine was passed through until the solution acquired a yellow tinge. The tempera- 
ture of the solution was raised to 20°, and then, with continuous stirring, 10 g. of p- 
toluenearsonic acid dissolved in the minimum quantity of 6 N sodium hydroxide was 
added. The hypochlorous acid was released by the action of 2 N hydrochloric acid on 
the sodium hypochlorite solution, the hydrochloric acid being added just rapidly enough 
to keep a plentiful supply of hypochlorous acid (bleaches Congo red paper) in the solu- 
tion a t  all times. About eight hours were required to add sufficient hydrochloric acid 
to make the solution definitely acid to Congo red paper. The final addition of hydro- 
chloric acid precipitated the arsonic acid, which was filtered off and recrystallized from a 
50% alcohol-water mixture; yield 60%, m. p. > 250'. 

Anal. Calcd. for QHZZOJC~AS: As, 30.20. Found: 30.22, 30.39. 

Structure Proof.-In order to prove that the chlorine was substituted in the meta 
position with respect to the arsono group, the acid was reduced to the dichloroarsine, and 
treated with chlorine in the presence of ultraviolet light at  a temperature around 100". 
The characteristic change of color was noted a t  the end of two hours, and then chlorina- 
tion was continued in order fully to chlorinate the side chain. Following the method 
already outlined, 2,4-dichlorobenzoic acid was obtained, m. p. 160" 

3-Chloro-4-carboxyphenylarsonic Acid.-This was prepared by the oxidation of 
3-chloro-4-methylphenylarsonic acid with an alkaline solution of potassium perman- 
ganate. 3-Chloro-4-carboxyphenylarsonic acid is readily soluble in hot water, ether, 
and alcohol, m. p. 233 ". 

Anal. Calcd. for CdlsOaCLAs: As, 26.72. Found: 26.62, 26.67. 

Summary 
1. When p-toluenearsonic acid dissolved in hexachloroethane was 

treated with chlorine at  180-190°, the arsenic to carbon linkage was 
broken, and then the methyl group of the p-chlorotoluene thus formed was 
chlorinated. 

2. At 100°, in the absence of a solvent, but in the presence of ultra- 
violet light, 4-methylphenyltetrachloroarsine and 3-chloro-4-methyl- 
phenyltetrachloroarsine decomposed when treated with chlorine, the 
arsenic to carbon linkage being ruptured. 

3. Chlorine was substituted in the ring by the action of hypochlorous 
acid on p-toluenearsonic acid. 3-Chloro-4-methylphenylarsonic acid and 
3-chloro-4-carboxyphenylarsonic acid have been described for the first time. 

LINCOLN, NEBRASKA RECEIVED NOVEMBER 7,1932 
PUBLISHED APRIL 6, 1933 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY OP ILLINOIS] 

The Oxidation of Grignard Reagents 
BY M. T. GOEBEL AND C. S. MARVEL 

The oxidation of Grignard reagents by air and by oxygen was reported 
as early as 1903 and is a well-recognized reaction. However, the fact that 
the oxidation is extremely rapid and that it causes serious losses in connec- 
tion with the use of the Grignard reagent are points which do not yet seem 
to be fully recognized. The experiments which are reported here are 
presented to call attention to these two considerations. 

Attention was first directed to this problem by Bodroux,l who observed 
that arylmagnesium halides were readily oxidized by oxygen or air and 
that poor yields of the corresponding phenols were obtained by decompos- 
ing the oxidation products with acids. Shortly afterward Bouveault2 

found cyclohexanol as a by-product in the preparation of hexahydrobenzoic 
acid from the action of carbon dioxide on cyclohexylmagnesium chloride. 
In his experiments the by-product was formed to the extent of 20%. He 
thought that the alcohol was probably produced by oxidation of the 
Grignard reagent, and confirmed this view by oxidizing another Grignard 
reagent, benzylmagnesium chloride. This gave a yield of 80% of the 
theoretical amount of benzyl alcohol. Barbier and Grignard3 obtained 
borne01 by the oxidation of the Grignard reagent from pinene hydro- 
chloride. Since these earlier papers, most of the oxidation studies4 have 
dealt with aryl compounds which yield very complex mixtures of products. 

Wuyts4t5 studied both aromatic and aliphatic Grignard reagents and 
demonstrated with some degree of certainty that peroxides are inter- 
mediate products in the oxidation reaction. Under his experimental 
conditions ethylmagnesium bromide and cyclohexylmagnesium bromide 
were oxidized to give 88 and 81%, respectively, of the theoretical amounts 
of alcohol. Meisenheimer and Schlichenmaier8 have studied the oxidation 
of methyl-, ethyl- and phenylmagnesium iodides and have reported the 
formation of the iodides along with the hydroxyl compounds when the 
oxidations were carried out in dilute solutions. In concentrated solutions 
the iodides were not obtained. Gilman and his students7 have shown that 
several different Grignard reagents are slowly oxidized in boiling ether 
solutions and have pointed out that this reaction causes loss of yields 

(1) Bodroux, Compt. rend., 136, 158 (1903). 
(2) Bouveault, Bull. soc. chim., [3] 29, 1051 (1903). 
(3) Barbier and Grignard, Bull. sac. chim., [3] 31, 840 (1904). See also Hesse, Ber., 39, 1127 

(1906); Houben, ibid., 39, 1700 (1906). 
(4) Wuyts, Compt. rend., 148, 930 (1909); Porter and Steele, THIS JOURNAL, 48, 2650 (1920); 

Ivanov, Bull. sac. ch~m. ,  [4] 39, 47 (1926); Gilman and Wood, THIS JOURNAL, 48, 806 (1926). 
(6) Wuyts, Bull. sac. chim. Belg., 36, 222 (1927). 
(6) Meisenheimer and Schlichenmaier, Ber., 61, 2029 (1928). 
(7) Gilman and Wood, THIS JOURNAL, 48, 806 (1926); Gilman and St. John, Bull. sac. chim., 

[4] 45,1091 (1929): Gilman and Hewlett, Rec. trav. chim., 48, 1124 (1929). 



in synthetic work. Gilman and Zoellner8 have also noted that oxidation 
may cause losses in the carbonation of Grignard reagents. 

None of these experiments indicated clearly the extreme ease with which 
Grignard reagents were oxidized a t  low temperatures. Our attention was 
directed to this fact by the results of attempts to combine cetylmagnesium 
bromide with 2,3-dibromopropene-1. The reaction was carried out 
in the usual manner%y preparing the Grignard reagent in ether, cooling 
this solution and adding the 2,3-dibromopropene-1. Among the products 
of the reaction, a large amount of cetyl alcohol was always obtained. 
After a number of trials it was found that this was caused by oxidation 
of the Grignard reagent by air. In  the usual Grignard reaction the ether 
vapors prevent the easy access of air to  the organomagnesium halide 
and thus oxidation is almost completely prevented. In all cases where the 
Grignard reaction mixture is cooled to a Icw temperature before the addi- 
tion of another reagent, the ether vapors are largely condensed and if 
the reaction mixture is stirred in air a large loss of Grignard reagent due to 
oxidation will follow. Under ordinary circumstances this side reaction will 
not be recorded by the experimenter because the reagents most commonly 
used are the lower ones and the alcohols produced by the oxidation are 
lost in the low boiling fractions during purification. These statements 
are borne out by the experiments recorded in this paper on the absorption 
of oxygen by various Grignard reagents in diethyl ether. 

In  diethyl ether a t  room temperature the oxidation of 0.006 mole of 
Grignard reagent was 80-90% complete in one hour. At 0" with slow 
stirring the Grignard reagent was completely' oxidized in six to eight 
minutes and with rapid stirring four to five minutes was sufficient time for 
the reaction to go to completion It is of interest to note that phenyl- 
magnesium bromide is more slowly and less completely oxidized than is the 
case for any of the alkyl magnesium halides which have been studied. 
These figures must of course be considered as qualitative rather than 
strictly quantitative as no elaborate precautions were taken in carrying 
out the experiments. 

The completeness of the oxidation and the fact that an alcoholate was 
produced was demonstrated by oxidizing 0.242 mole of n-octylmagnesium 
bromide in diethyl ether and the isolation of 0.21 mole of n-octyl alcohol. 
Similarly cetylniagnesium bromide gave about 60% of the theoretical 
amount of cetyl alcohol. 

Experimental 
Preparation of Grignard Reagents.-The ether solutions of these reagents were 

prepared and standardized by titration by the methods recommended by Gilman and 
his students.10 

(8) Gilman and Zoellner, THIS JOURNAL, 68, 1945 (1931). 
(9) Lespieau and Borguel, "Organic Syntheses," Vol. VI, 1926, p. 20. 
(10) Gilman and others, Tars JOURNAL, 46, 150, 159. 2462 (1923); 61, 1576 (1929). 
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Experiments on Oxidation a t  Room Temperature.-An Erlenmeyer flask, mounted 
on a shaking machine, was connected with a gas measuring buret. The apparatus was 
filled with oxygen and 35 cc. of dry ether was introduced into the flask through a drop- 
ping funnel. The pressure was adjusted by a leveling bulb. Then a measured quantity 
of a standard solution of the Grignard reagent was added through the dropping funnel. 
The flask was vigorously agitated by the shaker and the absorption of oxygen was 
noted by the change in pressure. A thermometer in the ether gave the temperature. 

TABLE I 
OXIDATION OF GRIGNARD REAGENTS IN DIETHYL ETHER AT ROOM TEMPERATURE 

Total 
cc. 0 2  

Grignard Temp., Reagent abs. Per cent. of total absorption after minutes 
No. reagent 'C .  used, mole (uncorr.) 10 20 30 40 50 60 

1 EthylMgBr 26 0.00645 66.5 25 38 53.7 63.4 79.5 87.2 
2 EthylMgBr 26 .00645 75.5 34 54 69.5 85.1 95.9 98.1 
3 Ethyl MgBr 29 .00516 56 23.2 46.4 60.7 82.1 91.1 93.4 
4 Phenyl MgBr 28 ,00602 51 24.5 38 54 65 71.6 80 
5 Octyl MgBr 27 ,00605 67 26.9 47.7 62.7 72.8 79.1 83.6 

TABLE I1 

OXI~?ATION OF GRIGNARD REAGENT IN DIETHX ETHER AT 0 
0 2  abs. 

O 0  Mole of Ot 
Grignard reagent RMgX 760 dm.,  per 1 mole Per cent. Ot absorbed 

used mole cc. of RMgX 3 min. 5 min. 10 min. 

Slow Stirring 
C2H5MgBr 0.0054 53 0.876 80 93 100 
C2H5MgBr .DO54 55 .909 81 93 100 
C2H5MgBr .0108 97 .SO1 78 94 100 
GHt,MgBr .0162 145 801 73 90 100 
C2H5MgBr .0113 108 .857 75.5 87 100" 
CzI15MgBr ,0113 106 .840 71 87 100" 
CaHjCHzMgBr .0078 91 1.04 81 94 loob 
CsH5CHzMgBr .0078 89 1.02 78.5 90 100 

n-ClsHaaMgBr .0072 83 1.03 80 94 100" 
n-Cl~H33MgBr .0060 72 1.07 82 95 loob 

Rapid Stirring 
C2H5MgBr 0.0054 53 0.876 90 100 . . . 
CzH5blgBr .0054 51 .843 90 99 lood 
C2H5MgBr .0054 51 .843 89 98 100 

n-CsH17MgBr .0077 78 ,905 90 97 lood 
n-CsHI7MgBr ,0077 86 1 .O 91 97 lood 

CsHsCHnMgBr .0078 91 1.04 83 94 100" 
n-C*H$MgCl .0052 49 0.845 90 97 lood 
n-CrHsMgCl .0052 51 .879 88 97 100 
n-C16H33MgBr .0060 61 .908 97 100 . . . 
n-ClBssMgBr .0060 56 .833 97 100 . . . 
n-CI~H33MgBr ,0060 57 .848 91 97 looh 

C6H5MgBr .0060 46 .636 90 97 lood 
" Air was used in these experiments in place of oxygen. No oxygen absorbed 

after seven minutes. " No oxygen absorbed after eight minutes. No oxygen ab- 
sorbed after six minutes. 



While no attempt was made to regulate this closely, the original temperature and the 
final temperature were the same. 

The data are reported in Table I. 
Oxidation at 0 ".-The apparatus was essentially the same as before but was more 

carefully assembled and the reaction vessel in which the oxidation was carried out was 
equipped with a stirrer and surrounded by an ice-bath held a t  OO. Again no elaborate 
thermostat was used but the temperature was controlled within the range of about 1 ". 
The oxygen was taken from an ordinary tank of compressed gas and purified by passing 
successively through a concentrated solution of potassium hydroxide, a soda lime tower, 
a concentrated sulfuric acid wash bottle and a tube of anhydrite. 

The data are given in Table 11. 
Preparation and Isolation of Alcohols. (a) n-Octyl Alcohol.-A solution contain- 

ing 0.242 mole of n-octylmagnesium bromide in 200 cc. of ether was oxidized by bubbling 
pure dry oxygen through the solution, which was cooled in an ice-bath. After two hours 
the reaction mixture was poured into 300 cc. of water and 10 cc. of concentrated hydro- 
chloric acid. The water solution was extracted with three 100-cc. portions of ether. 
The extract was evaporated on the steata-bath and ciistiiled. Twenty-seven grams 
(0.21 mole) (85% of the theoretical amount) of octyl alcohol boiling a t  195-198". and 
entirely soluble in cold concentrated sulfuric acid, was recovered. The melting point of 
the phenyl urethan (72-73 ") compared well with the melting point (74O) which has been 
reported for this derivative." 1 

(b) Cetyl Alcohol.-An ether solution containing 0.07 mole of cetylmagnesium 
bromide was oxidized for two hours, decomposed and taken up in ether as above. The 
ether was evaporated and the product distilled under reduced pressure. Ten grams 
(59% of the theoretical amount) of material, distilling a t  15@-190° (2 mm.), but melting 
a t  45-48", was recovered. This material showed no depression of melting point when 
mixed with known cetyl alcohol. As a residue from the vacuum distillation, 8 g. of 
dotriakontane, melting a t  68' was recovered. 

Summary 

1. The rates of oxidation of certain Grignard reagents have been 
determined under various conditions. 

2. At low temperatures (0') where the vapor pressure of ether is not 
high enough to prevent free access of air to the solution the oxidation has 
been found to proceed at  a very rapid rate and may become a serious side 
reaction in the use of the Grignard reagent. 

3. n-Octyl- and cetylmagnesium bromides have been oxidized by 
dry oxygen to give good yields of the corresponding alcoliols. 

URBANA, ILLINOIS RECEIVED NOVEMBER 7, 1932 
PUBLISHED APRIL 6, 1933 

(11) Bouveault and Blanc. romp1 rend., 136, 1676 (1903). 
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The Acetoacetic Ester Condensation. V. The Condensation 
of Higher Esters 

BY REINHOLD R. BRIESE AND S. M. MCELVAIN 

In an earlier paper' i t  was pointed out that ethyl a-propionylpropionate 
and ethyl a-butyrylbutyrate could be prepared in excellent yields through 
an acetoacetic ester condensation of ethyl propionate and ethyl butyrate. 
The essential feature of the procedure was the prevention of the reversal 
of the condensation, 2RCH2COOCzHs + NaOCzHs RCHZC(ONa)= 
C(R)COOC2Ha + 2CzH&OH by removal of the alcohol as it was formed 
in the reaction mixture. This was accomplished by periodic distillations of 
portions of the ester, which had been used in considerable excess in the 
reaction. 

Because of the preparative value of this reaction, it seemed desirable to 
extend this study to the higher homologous esters. The present paper 
reports the results which were obtained with ethyl valerate, caproate, 
heptoate, caprylate, pelargonate, caprate, laurate and myristate. 

Each of these esters was condensed smoothly by sodium ethoxide to the 
corresponding keto ester in yields of 7444% of the theoretical. I t  was not 
necessary to use an excess of the ester to remove the alcohol formed in the 
reaction since the higher boiling points of these esters allowed for the direct 
distillation of the alcohol from the reaction mixture without any appreci- 
able loss of ester. Ethyl a-lauryl-laurate and ethyl a-myristylmyristate 
are solids and were purified by crystallization. The other P-keto esters are 
liquids at ordinary temperatures and consequently were purified by distilla- 
tion. I t  was noticed that in the distillation of the keto esters derived 
from ethyl pelargonate and ethyl caprate small amounts of the correspond- 
ing ketones, pelargonone and caprinone, were obtained. These ketones 
resulted, presumably, from the pyrolysis of some of the keto ester during 
distillation, since it was found that carbon dioxide, ethylene, and carbon 
monoxide were evolved when each of these two keto esters was heated 
(at atmospheric pressure) to the temperature at  which it distilled under 
diminished pressure. The P-keto esters were characterized by (a) the 
amount of carbon dioxide evolved on hydr~lysis,~ (b) the ketone produced 
by hydrolysis and (c) ultimate analyses. The carbon dioxide content of 
ethyl a-pelargonylpelargonate and ethyl a-caprylcaprate shows that con- 
siderable ketone is present in each of them. They were not purified 
further and consequently not analyzed. However, both of these impure 
8-keto esters gave excellent yields of the corresponding ketones on hy- 
drolysis. 

(1) McElvain, THIS JOURNAL, 61, 3124 (1929). 
(2) Cope and McElvain, i b id . ,  64, 4322 (1932). 





It should be emphasized that the extent to which the acetoacetic ester 
condensation of these higher esters takes place and the smoothness with 
which the resulting keto esters are hydrolyzed to the corresponding ketones 
make available an excellent method of preparation of higher ketones of 
the type, KCI-12COCH2R. 

The yields and properties of these P-keto esters and the corresponding 
ketones are summarized in Table I. 

Experimental 
Materials Used.-The esters which were used in the condensation were prepared 

by standard methods given in the literature and were thoroughly dried over anhydrous 
sodium sulfate and distilled before use. Sodium ethoxide was prepared from absolute 
alcohol and powdered sodiuni under dry ether.3 

6-Keto Esters.-In a 125-cc. modified Cla~sen flask, with a fractionating side arm 
35 cm. long, was placed 0.1 mole of the ester and 0.05 mole of sodium ethoxide. The 
reaction flask was attached to the receiving flask (which was not cooled) and this flask 
in turn was attached through a soda lime tower and a safety bottle to a manometer and 
a water pump. The safety bottle contained a stopcock which could be opened to the 
air and by which the pressure in the system could be regulated. The reaction flask was 
then heated carefully in an oil-bath to a temperature and under a pressure that  caused 
a moderate, but not too vigorous, evolution of alcohol vapor as shown by the ebullition 
of the reaction mixture. The required temperature and pressure varied with the boiling 
point of the esters, the lower esters requiring lower reaction temperatures and higher 
pressures in order to prevent loss of ester. Consequently the time necessary for the com- 
pletion of the reaction in these cases was increased. A summary of the conditions for 
the reaction of the various esters is given in Table 11. Column 3 gives the temperatures 
and column 4 the pressures which were found to be most satisfactory a t  the beginning of 
each reaction to ensure a moderate evolution of alcohol. After the reaction had pro- 
ceeded for some time these temperatures and pressures could be raised and lowered, re- 
spectively, without any appreciable loss of ester. Column 5 in Table I1 gives the time 
required for all of the alcohol to be evolved, i. e. ,  until the reaction mass ceased ebullition. 

CONDITIONS AND 
Ester used, 

ethyl 

Valerate 
Caproate 
Heptoate 
Caprylate 
Pelargonate 
Caprate 
Laurate 
Myristate 

TIME REQUIRED FOR FORMATION OF VARIOUS P-KETO ESTERS 

B. p. of ester, Reaction Reaction Time for 
O C .  (mm.) temp., 'C. pressure, mm. completion, hr. 

142-146 (750) 89-90 120-130 7-8 
57-60 (14) 90-95 75-80 7-8 
75-79 (15) 90-95 6045 7 
94-99 (16) 90-95 20-25 5 

107-110 (15) 100-105 15-20 4-5 
118-121 (15) 105-110 15-20 4 
143-146 (15) 120-125 15-20 4 
167-170 (15) 125-130 15-20 4 

The resulting reaction mixture was, at the temperature of reaction, a clear liquid 
with no visible particles of sodium ethoxide in suspension. The reaction products 
obtained from those esters above ethyl caprylate in molecular weight remained liquid 
after cooling to room temperature, but those derived from the lower molecular weight 
esters solidified to a clear, red transparent mass. The reaction product after cooling 
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was treated with the calculated quantity of 30% acetic acid and shaken vigorously until 
the sodium salt had been completely decomposed. The keto ester was then extracted 
with 25 cc. of benzene and the resulting benzene solution, after washing with water, 
was dried over anhydrous sodium sulfate. The benzene was removed from the keto 
ester by distillation. Ethyl a-lauryl-laurate and ethyl a-myristylmyristate were re- 
crystallized from absolute methanol. The other keto esters, being liquids, were purified 
by distillation. This procedure was quite satisfactory for all of the esters except ethyl 
a-pelargonylpelargonate and ethyl a-caprylcaprate, both of which suffered a small 
amount of pyrolysis to the corresponding ketone, which appeared as a low boiling, solid 
fraction in the distillation. These particular keto esters when heated at  atmospheric 
pressure to the temperature at  which they boiled under diminished pressure slowly 
evolved ethylene, carbon dioxide and carbon monoxide. 

The properties of these keto esters are summarized in Table I. 
Hydrolysis of the p-Keto Esters to Ketones.-The keto esters were hydrolyzed by 

refluxing for three to four hours with a 5% solution of potassium hydroxide in 90% 
alcohol. In the cases of valerone and caprone the alcohol was removed by distillation 
and the residue diluted with water, whereupon the liquid ketone layer separated. This 
was further purified by distillation. The higher ketones crystallized out from the al- 
coholic potassium hydroxide solution on cooling and after filtration were recrystallized 
from alcohol. The properties and yields of these ketones are listed in Table I. 

Summary 
The acetoacetic ester condensation has been applied to the synthesis 

of the following 8-keto esters: ethyl a-valerylvalerate, ethyl a-caproyl- 
caproate, ethyl a-heptoylheptoate, ethyl or-caprylylcaprylate, ethyl a- 
pelargonylpelargonate, ethyl a-caprylcaprate, ethyl a-lauryl-laurate, ethyl 
a-myristylmyristate. 

Since these keto esters are readily hydrolyzed to the corresponding ke- 
tones, this procedure offers a most satisfactory method of preparation of 
the latter type of compounds. 

MADISON, WISCONSIN RECEIVED NOVEMBER 12, 1932 
PUBLISHED APRIL 6. 1933 
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Molecular Rearrangements Involving Optically Active 
Radicals. 111. The Lossen Rearrangement of Optically 

Active Hydroxamic Acids 

BY EVERETT S. WALLIS AND R. D. DRIPPS 

The hydroxamic acids are crystalline compounds which may be pre- 
pared by the action of hydroxylamine on esters, acid anhydrides and acid 
chlorides 

/ /O / /O 
R-C-X + NHzOH -+ R-C--NH(OH) + HX 

I t  is a well-known fact that these substances and many of their deriva- 
tives are capable of molecular rearrangement. Lossen' first observed that  
the acetyl derivative of a hydroxamic acid when warmed with alkali 
produced an isocyanate. The metallic salts of these esters are very sus- 
ceptible to this change. Of the several theories which have been ad- 
vanced to explain the mechanism of this rearrangement the one which per- 
haps has received the most attention has been that of Stieg1itz"hich 
assumes the transient existence of an unstable univalent nitrogen com- 
pound. His investigations have made it evident that the Lossen, Curtius 
and Hofmann rearrangements are fundamentally alike, and he has pro- 
posed that all rearrangements of this character take place in a similar 
manner. In terms of modem valence conceptions Jones and Hurd3 

formulated this theory as follows 

and assumed that the relative ease of rearrangement depends not only - 

upon the groups x and y, and the formation of the univalent nitrogen 
derivative, but also upon the nature of the radical, R; the greater the 
tendency of this radical to exist as a free radical the greater the ease of re- 
arrangement. Many facts have been submitted by Jones and his co- 
workers4 to support this hypothesis. 

In carrying out certain of these investigations Jones and Wallis5 studied 
the rearrang&ent of certain optically active acid azides and optically 
active hydroxamic acids in which R is an optically active radical. Their 
experiments with d-benzylmethylacetazide, (C7H7) (CHdCHCON3, showed 
that this compound on rearrangement gave an optically active isocyanate 

(1) Lossen, Ann., 186, 1 (1877); 252, 170 (1889); 281, 169 (1894). 
(2) Stieglitz, Am. Chem. J. ,  18, 751 (1896); zbzd., 29, 49 (1903); Stieglitz and Earle, zbid., 39, 

399, 412 (1903); Stieglitz and Slossen, Ber., 28, 3265 (1895): ibzd., 34, 1613 (1901); Stieglitz and 
Leech, T ~ r s  JOURNAL, 36, 272 (1914). 

(3) Jones and Hurd, T a r s  JOURNAL, 43, 2422 (1921). 
(4) Jones and Hurd, lbrd , 43, 2422 (1921), Jones and Root, i b i d ,  48, 181 (1926); Hurd, zbcd., 

4K, 1472 (1923). 
(5) Jones and Wallis, ibrd , 48, 169 (1926). 



which could be converted by ammonia into an optically active monosub- 
stituted urea, and by hydrolysis with concentrated hydrochloric acid into 
an optically active amine hydrochloride. These results established the 
fact that regardless of the actual mechanism6 of this type of rearrangement, 
the radical, R, in its migration from the carbon atom to the nitrogen atom 
maintained an asymmetric configuration. 

This conclusion has been further substantiated by Wallis and Nage17 

in their studies on the rearrangement of optically active amides. When 
d-benzylmethylacetamide, C~H~(CH~)CHCONHZ, was treated with a 
cold strongly alkaline solution of sodium hypobromite and the mixture 
warmed to 70-80' in order that rearrangement might take place, the 
amine so obtained in the form of its hydrochloride was found to be opti- 
cally active. This fact makes it evident that in the Hofmann rearrange- 
ment of an optically active amide, as we!! as in the Curtitis rearrangement 
of an optically active azide, the radical, R, during its migration from the 
carbon atom to the nitrogen atom, maintains its asymmetry. 

However, in their investigations on the Lossen rearrangement of d- 
benzylmethylacethydroxamic acid, C7H7(CH3)CHCONHOH, Jones and 
Wallis6 found that the final product which they isolated gave no appreci- 
able rotation. Three possible explanations of this apparent exception 
were offered. (1) In this rearrangement the radical, R, might actually 
racemize during its migration from the carbon atom to  the nitrogen atom. 
(2) Inasmuch as the first product of the rearrangement, benzylmethyl- 
methylisocyanate was not isolated as such but was converted by hydrolysis 
with water a t  80-90' to the sym-di-benzylmethylmethyl urea, racemization 
might take place during this second stage of the reaction. (3) Since this 
symmetrically disubstituted urea was found not to be very soluble in the 
common organic solvents a t  room temperature and, therefore, available 
in solution only in small concentration, i t  would not be possible to obtain 
an appreciable polarimetric reading if the urea actually possessed a low 
specific rotation. Two experimental facts were observed which gave some 
indication of the true explanation. (a) The melting points of the urea 
prepared from the d, 1, and dl forms of the hydroxamic acid were found to 

(6) I t  should be recalled that the nature of this migrating radical, R, has been considered as posi- 
tive by Jones [Am. Chem. J., 50, 441 (1913)J and as negative by Stieglitz [THIS JOURNAL, 36, 280 

(1914): ibid.,  38, 2047 (1916)l and more recently by Whitmore [ibid., 54, 3274, 
C7H7 3436 (1932)l. Jones and Wallis in their discussion of the results stated above 

pointed out, however, that another interpretation was possible, namely, "that 

/I\ the rearranging group does not exist as a free radical but that in some way, before 
the group actually parts company with its carbon neighbor, the univalent nitrogen 

: --- : cHa atom has begun already to  exercise its influence on the radical, in such a manner 
\I that when cleavage actually does take place, a change in the configuration of the 
. .:.. . . groups about the asymmetric carbon atom is prevented." They stated that this 

0 C : N : influence could be imagined to be of the nature of a partial valence and they pic- 
. . . . . . tured the univalent nitrogen derivative on this assumption as indicated. This 

interpretation has recently received experimental support in this Laboratory and 
will be discussed in Part IV of this series of papers. 

(7) Wallis and Nagel, THIS JOURNAL, 63, 2787 (1931). 
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be the same. This would perhaps indicate that racemization a t  some 
stage in the process was the more plausible. (b) d-Benzylmethylmethyl- 
isocyanate prepared from the Curtius rearrangement of the d-acid azide 
gave on hydrolysis with water at  90' a urea of the same composition 
and melting point which showed no appreciable rotation. This makes it 
evident that it is unnecessary to assume that in the rearrangement of the 
hydroxamic acid derivative racemization takes place during the migration 
of the radical from the carbon atom to the nitrogen atom. 

We have co~ldnued these investigations on the Lossen rearrangement 
of hydroxamic acids in order to determine more definitely the true nature 
of the first products of the rearrangement, and to see whether in this re- 
arrangement as well as in the Hofmann and Curtius rearrangements the 
radical actually maintains an asymmetric configuration during its transfer 
from the carbon atom to the nitrogen atom. For this purpose we again 
prepared d-benzylmethylacethydroxamic acid in the form of its benzoyl 
derivative and converted it into its potassium salt by the method pre- 
viously described by Jones and Wallis.* Rearrangement of this com- 
pound was carried out in such a manner as to enable us to obtain the 
isocyanate, first formed. A benzene solution of this isocyanate was found 
to be dextrorotatory. Ammonia gas reacted with the d-isocyanate to form 
the monosubstituted urea, C7H7(CH3)CHNHCONH2, a crystalline com- 
pound melting a t  136.5-137O. Its specific rotation in acetone a t  20' was 
found to be + l O . l O .  

Therefore it must be concluded that in the Lossen rearrangement of an 
optically active hydroxamic acid as well as in the Hofmann rearrangement 
of an acid amide, and the Curtius rearrangement of an acid azide, the 
radical actually maintains an asymmetric configuration during the re- 
arrangement. The fact that the sym-di-benzylmethylmethyl urea, 
C,H7(CH3)CHNHC0NHCH(CH3)C7H7, prepared by Jones and Wallis 
showed no appreciable rotation must be attributed to explanations 2 or 3 
as stated above. 

It is also to be noted that the value of the specific rotation of the mono- 
substituted urea prepared by the rearrangement of the hydroxamic acid 
derivative is of the same magnitude as the value of the specific rotation of 
the same urea prepared by rearrangement of the acid azide. A similar 
fact was observed by Wallis and Nagel7 in their studies on the Hofmann re- 
arrangement. The amine hydrochloride prepared from the acid azide, and 
from the acid amide, gave the same value for its rotatory power. They 
reasoned from their experiments that if partial inversion (racemization) 
took place, it could be detected inasmuch as the conditions of the re- 
arrangement are very different. I t  is improbable that the amount of 
inversion would be the same. The above results on the monosubstituted 

(8) Jones and Wallis, THIS JOURNAL, 48, 176 (1926). 



1704 EVERETT S. WALLIS AND R. D. DRIPPS VO~. 55 

urea justify with an added certainty their conclusions that in rearrange- 
ments of this type the radical, R, has either the same configuration as it 
had originally or that it undergoes complete inversion. Partial inversion 
seems unlikely. If we take into account the sign of the rotatory power 
perhaps the first conclusion is more probable. 

Experimental Part 
Preparation of the Benzoyl Ester of d-Benzyhethylacethydroxamic Acid, C7H7- 

(CH~)CHCONHOCOCBH~.--T~~S compound was prepared from d-benzylmethylacetic 
acid. The acid used in these experiments was prepared from ethyl acetoacetate accord- 
ing to the method of C o n ~ a d , ~  with a few modifications described by Jones and Wallis.6 
It was resolved into its optically active isomers by the method of Kipping and Hunter.'o 
Its rotation a,, at  20" without solvent in a 100-mm. tube was +20.12". The methyl 
ester of this acid was prepared and converted into the hydroxamic acid according to the 
method of Jones and Wal l i~ .~  The benzoyl derivative was prepared according to the 
method of Jacobs and Neidelberger,ll a modification of the Schotten-Baumann reac- 
tion. This ester melted a t  115.5-116.5" after recrystallization from ethylacetate and 
petrolether (30-60'). 0.2079 g. of this compound dissolved in ethyl alcohol (95%), 
total volume 5.00 cc.. gave the following rotations a t  20' ina200-mm. semi-micro tube: 
a 6 5 6 3  = +4.95; a 6 8 9 3  = +6.37; '2'6463 = +7.68; a4861 = +10.30. [ f f ] : z 6 3  = +59.5; 
[ a ] & 3  = +76.7;12 [ f f ]g ; f j3  = -I-92.1; [ a ] ; & ~  = f120.2. 

Preparation of d-Benzylmethylmethyl Urea, C7H7(CH8)CHNHCONH2 -One 
gram of the d-benzoyl ester was converted into the potassium salt by the method de- 
scribed by Jones and Wal l i~ .~  The salt which precipitated as a white material was fil- 
tered quickly and suspended immediately in dry benzene. This suspension was re- 
fluxed for fifteen minutes on the water-bath and after cooling to room temperature was 
filtered. The residue, which was mostly potassium benzoate, was discarded. The ben- 
zene solution possessed a sharp penetrating odor characteristic of isocyanates and was 
dextrorotatory. Dry ammonia gas was bubbled through the solution for ten minutes 
and a white precipitate soon formed. The suspension was allowed to stand in the ice 
box for a short time and then filtered; yield 0.5 g. Recrystallization from alcohol and 
water gave a solid which melted at  136.5-137O. The melting point of d-benzylmethyl- 
methyl urea as reported by Jones and Wallis was 136 O. 0.0824 g. of this urea dissolved 
in pure acetone, total volume 5.00 cc., gave the following rotations at  20" in a 200-mm. 
semi-micro tube: a 6 5 6 3  = +0.26; 015893 = +0.33; "5463 = +0.40; '14861 = +0.48. 
[ a ] ; z s 3  = 4-7.9; [a ] ;0ss3  = +10.1; [or]E!63 = f 12.1; [ff]i0861 = 4-14.2. The specific 
rotation [a]:  for the d-benzylmethylmethyl urea prepared from the d-acid azide and 
the isocyanate was reported by Jones and Wallis to be +10.7'. 

Summary 
Evidence is submitted in this paper to show that the Lossen rearrange- 

ment of an optically active hydroxamic acid yields an optically active re- 
arrangement product. This result is similar to those previously com- 
municated in this series of papers on the Hofmann rearrangement of an 

(9) Conrad and Bischoff, Ann., 204, 177 (1880); Conrad, Bcr., 11, 1055 (1878). 
(10) Kipping and Hunter, J. Chem. Soc., 83, 1005 (1903). 
(11) Jacobs and Heidelberger, THIS JOURNAL, 39, 1441 (1917). 
(12) The value of the specific rotation of this compound and the mixed lev0 form reported by Jones 

and Wallis in their experiments is not correct due to  a clerical error. Their data should have read- 
a solution of 1 5400 g in alcohol, total volume 50 cc., gave a rotation of +4 40 in a 200 mm tube at 20°, 
[a]% = +71.4. This correction should be noted. 



optically active amide, and the Curtius rearrangement of an optically 
active acid azide. The fact that optically active products were not ob- 
tained in the experiments described by Jones and Wallis on d-benzyl- 
methylacethydroxamic acid is shown to be due to secondary causes and 
not to racemization of the compound during rearrangement. 

d-Benzylmethylacethydroxamic acid in the form of its benzoyl ester was 
allowed to rearrange in such a manner as to enable us to study the first 
product of the rearrangement, benzylmethylmethylisocyanate, and to  
observe its behavior toward polarized light. A benzene solution of this 
compound was dextrorotatory. d-Benzylmethylmethyl urea was pre- 
pared from this isocyanate and its specific rotation was found to  be of 
the same value as the urea prepared from d-benzylmethylacetazide. 

These facts point to the conclusion stated in part I1 of this series that  in 
rearrangements of this type the radical, R, has either the same configura- 
tion as it had before rearrangement or that i t  undergoes complete inversion 
during its migration from the carbon atom to the nitrogen atom. Partial 
inversion seems unlikely. 

PRINCETON, NEW JERSEY RECEIVED NOVEMBER 12,1932 
PUBLISHED APRIL 6, 1933 

The Synthesis of Acenaphthene-peri-metathiazines and of 
Some Dyes Derived Therefrom1 

Introductory 
Having completed in these laboratories the synthesis of the naphthalene- 

per;-metathiazines2 (I), we turned our attention to the analogously con- 
stituted and hitherto unknown acenaphthene-peri-metathiazines (11), 
and this contribution records their successful synthesis from the 4-nitro- 
acenaphthene-3-sulfonchloride (IV). This synthesis supplies further cor- 
roboration of the constitution assigned to that nitrosulfo acid, as well as to 
those ascribed to the 3-nitro and 3-sulfo derivatives of acenaphthene. 

The general plan of this synthesis involved the preparation of the 
4-amino-3-acenaphthenylmercaptan (V) from the peri-nitrosulfonchloride 
(IV) and, by treatment of this per;-aminomercaptan with acid chlorides, 
effecting ring closure and thiazine formation, as described by R e i ~ s e r t , ~  
and by Bogert and Bartlett,2 in the naphthalene-@eri-metathiazine group. 

(1) The completion of this work was made possible by a generous grant from the Trustees of the 
Joseph Henry Fund of the National Academy of Sciences, to whom we wish to express our gratitude.- 
M. T. B. and W. B C. 

(2) Bogert and Bartlett, THIS JOURNAL, 68, 4046 (1931). 
(3) Reissert, Bw.. 66, 858 (1922). 



The flow sheet beyond exhibits diagrammatically the different steps 
carried out in this investigation. 

The nitrosulfonchloride (IV) was reduced to the chlorostannate (VI), 
by the process developed by Bogert and Bartlett2 in the naphthalene 
series, and this was used for the preparation of the desired acyl derivatives 
and thiazines, because it proved difficult and troublesome to obtain the 
aminomercaptan itself in satisfactory yield and purity. The acyl chlo- 
rides employed were benzoyl, m- and p-nitrobenzoyl. 

From the acylamino derivatives, the thiazines were obtained by diges- 
tion with a solution of fused sodium acetate in glacial acetic acid, a process 
of cyclization discovered by Bogert and Bartlett2 in the naphthalene series. 
As in the latter series, so here this cyclization was accompanied with 
great increase in the depth of the color of the compounds and in their solu- 
bility in the solvents used. 

The nitrophenylthiazines were readily reduced to the amines which, in 
turn, were sulfonated easily by concentrated sulfuric acid a t  60-65O. 

From the 2-(m-, and p-aminopheny1)-thiazines (X and XIII), dyes of 
Columbia Yellow (Chloramine Yellow) (Colour Index No. 814) type were 
prepared and their tinctorial properties compared with those of the similar 
dyes of the naphthalene s e r i e ~ , ~  so as to learn what effect the presence of the 
ethylene bridge had upon these properties. 

The dyeings on unmordanted unbleached cotton were not very different 
from the analogous naphthalene-peri-metathiazine dyes; that from the 
m-amino derivative gave a peach and from the p-isomer an apricot shade. 
I n  fastness to light and to bleeding, the dyes compared favorably with 
Columbia Yellow, but were less fast to laundering. Compared with the 
analogous naphthalene-peri-metathiazine dyes, they were equally fast to 
light and to laundering, and more stable to bleeding. They were not 
stable when left for some time in the presence of an excess of alkaline hypo- 
chlorite. 

FLOW SHEET 

R R 
I I 

/:\ 
SI 3N 

\/\/ 

(I) . Naphthalene- (11) Acenaphthene- (111) CllHs 
perz-metathiazines peri-metathiazines 

In the formulas below, the expression C12H8 is used to represent the 
complex (111) above. 
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C l 2 H 8 p  (IV) - CllH 
NOn 

I 

(XI) 

Experimental 
3-Amino-4-acenaphthenylmercaptan Chlorostannate (VI).-This was prepared by 

a variation of the process employed by Bogert and Bartlett2 in the naphthalene series, 
as follows. A suspension of 59 g. of powdered hydrated stannous chloride in 180 cc. of 
glacial acetic acid was brought into solution by passing in a current of dry hydrogen 
chloride. The increase in weight was about 20 g. generally, but if continued above an 
increase of 24 g. the reaction mixture tended to froth over when the nitrosulfonchloridc 
was introduced. To this solution there was added, all a t  once, 10 g. of finely pulverized 
nitrosulfonchloride (IV) and the mixture was shaken vigorously. Solution ensued 
quickly, the temperature rose rapidly to about SO0, and the chlorostannate separated in 
fine yellow needles. When the mixture had cooled, the precipitate was filtered out, 
washed thoroughly with glacial acetic acid, dry benzene and finally with dry ether; yield, 
11.5 g., or 93%. The product was soluble in absolute alcohol, but practically insoluble 
in chloroform, ether, ethyl acetate or benzene. Water decomposed it immediately. 

For analysis, an analytically pure sample of the nitrosulfonchloride was treated with 
the carefully filtered reducing solution. The product was washed as described above 
and dried in a desiccator over sulfuric acid and paraffin. 

Ancal. Calcd. for (HSCl2HsNHs)zSnCle: C, 39.14; H, 3.29; S n a ,  20.48; C1, 
28.91; S, 8.72. Found: C, 39.40; H, 3.19; SnOt, 20.34; CL28.96; S, 8.70. 

The product dissolved in glacial acetic acid-sodium acetate mixtures with pre- 
cipitation of sodium chloride. In glacial acetic acid solution it reacted with acid chlo- 
rides, forming acyl derivatives of the peri-aminomercaptan and peri-metathiazines. 

Di(m-nitrobenzoyl) Derivative of 3-Amino-4-acenaphthenylmercaptan (XI).- 
The chlorostannate (5 g.) was decomposed by heating it a t  90" with 5 g. of fused sodium 
acetate in 100 cc. of glacial acetic acid, and the resultant mixture was treated a t  60" 
with 6 g. of m-nitrobenzoyl chloride added all a t  once; yield of crude product, 59%. 
Recrystallized from glacial acetic acid and decolorized, it formed long fine yellow 
needles, insoluble in concentrated hydrochloric acid or in sodium hydroxide solution. 
In concentrated sulfuric acid it dissolved to a yellow solution, from which it was repre- 
cipitated by dilution. In hot alcohol it was practically insoluble, but dissolved in hot 
ethyl acetate or in acetone. When placed in a bath a t  233 (corr.), it began to turn pink 
immediately and decomposed completely at  about 235.5 " (con.) 

Anal. Calcd. for C~OH,,O~N~S: C, 62.50; H, 3.43. Found: C, 62.67; H, 3.57. 
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When these experimental details were followed accurately, practically no thiazine 
(XII) was formed and there was no difficulty experienced in purifying the crude product 
as stated. Higher temperatures during the reaction gave appreciable amounts of the 
thiazine and variation of the other conditions likewise resulted in a product which could 
not be purified by crystallization from acetic acid. 

3-pNitrobenzoylamino-4-acenaphthenylmercapn (VIII).--Five grams of the 
chlorostannate was decomposed by heating it a t  90" with a solution of 5 g. of fused so- 
dium acetate in 50 cc. of glacial acetic acid. The resultant mixture was treated with 
3.7 g. of powdered 9-nitrobenzoyl chloride, added all a t  once, and the whole was shaken 
vigorously, refluxed for two hours and cooled. The precipitate was removed, washed 
with a little acetic acid and with water, and extracted with hot ethyl acetate (100 cc.) 
until the red color was removed. The insoluble portion (1.1 g.) was recrystallized from 
cellosolve and decolorized, when it formed pale brown microscopic needles which, when 
inserted in the bath a t  245" (corr.), decomposed a t  246-247" (corr.), turning dark red. 
The product was insoluble in sodium hydroxide solution or in concentrated hydrochloric 
acid. It dissolved in concentrated sulfuric acid to a yellow solution, from which i t  was 
reprecipitated by dilution with water. It was but slightly soluble in hot ethyl acetate, 
but in the presence of the thiazine dissolved sufficiently to render the isolation of the pure 
thiazine troublesome. In hot glacial acetic acid, i t  was but slightly soluble. 

Anal. Calcd. for ClsHl40aNzS: C, 65.11; H, 4.03; N, 7.82. Found: C, 65.51; 
H, 3.94; N, 8.07. 

The thiazine also was formed in this reaction. Its preparation is described beyond. 
2-Phenylacenaphthene-peri-metathiazine (VII).-To a solution of 5 g. of anhydrous 

sodium acetate in 50 cc. of glacial acetic acid a t  90 ', there was added 5 g. of the chloro- 
stannate and the mixture was shaken a t  this temperature until all of the chlorostannate 
was decomposed (about ten minutes) and a clear orange solution resulted with precipita- 
tion of sodium chloride. Below 90°, this decomposition of the chlorostannate pro- 
ceeded very slowly. A solution of 3 g. of benzoyl chloride in a few cc. of glacial acetic 
acid was then added all a t  once, the mixture was well shaken, allowed to stand for an 
hour, refluxed for an hour and a half and permitted to cool. The precipitate was re- 
moved, washed with a little acetic acid, then with water. There remained 0.5 g. of red 
needles, m. p. 105' (corr.). The red filtrate, poured into water, separated an orange 
precipitate which was collected and dried, and contained considerable tin. The com- 
bined precipitates were extracted with alcohol until the red color was completely re- 
moved. As the alcohol extract cooled, 1.1 g. of long feathery red crystals were deposited, 
m. p. 122-123' (corr.). By repeated crystallization and decolorizing in alcoholic solu- 
tion, this changed to reddish-orange needles, which began to shrink and soften a t  about 
128" and melted completely a t  142.3' (corr.). The compound was easily soluble in 
alcohol, acetone, ethyl acetate or benzene. 

Anal. Calcd. for C1sHIsNS: C, 79.39; H, 4.56; N, 4.88. Found: C, 79.45, 
79.49; H, 5.25, 5.27; N, 5.22. 

2-m-Nitrophenylacenaphthene-peri-metathie (XII).-When 5 g. of the di- 
(m-nitrobenzoyl) derivative (XI) was refiuxed with a solution of 20 g. of fused sodium 
acetate in 200 cc. of glacial acetic acid, it dissolved within five minutes, forming a deep 
orange-red solution. The refluxing was continued for some forty minutes longer and 
the solution was then allowed to cool. The thiazine which separated was removed, 
washed with a little water, crystallized and decolorized in acetone solution; yield, 2 g. 
or 60%. I t  formed orange-red long glistening flat needles which, when placed in the 
bath a t  183' (corr.), shrank a t  about 18g0 and melted with decomposition a t  190.3- 
191.3" (corr.). The compound was freely soluble in ethyl acetate, glacial acetic acid 
or acetone, but only slightly in alcohol, 
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Anal. Calcd. for CIQHIZOZNZS': C, 68.63; H, 3.64; N, 8.44. Found: C, 68.72; 
H, 3.74; N, 8.59. 

2-pNitrophenylacenaphthene-peri-metathiah (1x1.-This thiazine was formed 
during the production of the p-nitrobenzoyl mercaptan (VIII), but its isolation proved 
troublesome. I t  was found in the original acetic acid-sodium acetate solution, in the 
ethyl acetate extracts and the cellosolve mother liquors. Dilution of the original acetic 
acid-sodium acetate mother liquor with water gave a chocolate precipitate containing 
considerable tin. The ethyl acetate extracts, containing some precipitate, were cooled 
and yielded 1.1 g. of greenish solid, melting with decomposition a t  about 232". The 
ethyl acetate a t ra te  from this was used to extract the chocolate precipitate from the 
acetic acid-sodium acetate solution, and in this way 0.25 g. more of crude thiaziile %as 
recovered. Finally, concentration of the cellosolve mother liquors gave about 0.3 g. 
of purer thiazine. These three lots of crude thiazine were combined and extracted re- 
peatedly by refluxing with ethyl acetate. The thiazine thus isolated (1.1 g.) was purified 
by further crystallization and decolorizing in ethyl acetate, and then appeared in long 
lustrous needles, almost black in color, moderately soluble in hot glacial acetic acid, but 
only slightly soluble in hot alcohol. Its solutions were dark red. Placed in the bath 
at 244 O (corr.), it decomposed a t  253.7 " (corr.). 

Anal. Calcd. for ClsHlzOzNzS: C, 68.63; H, 3.64; N, 8.44. Found: C, 68.80; 
H, 3.55; N, 8.38. 

I t  was prepared by decomposing 5 g. of the chlorostannate a t  90' with 100 cc. of 
glacial acetic acid and 5 g. of fused sodium acetate, then treating this a t  60° with 6 g. of 
p-nitrobenzoyl chloride, added in one lot. When the reaction was completed, the mix- 
ture was allowed to cool, the precipitate was removed, washed with acetic acid and with 
water, and then refluxed for three hours with 200 cc. of glacial acetic acid containing 20 
g. of fused sodium acetate; yield, 2.25 g .  of greenish black crystals of the thiazine, which 
melted with decomposition a t  about 243 O (corr.), and were sufficiently pure for reduction 
to the corresponding amine (X). 

2-m-Aminophenylacenaphthene-peri-metathiaze ( X I I I ] .  -The corresponding 
nitro derivative (XII) (2 g.) was refluxed for two hours with a solution of hydrated 
stannous chloride (5.5 g.) in a mixture of alcohol (200 cc.) and concentrated hydrochloric 
acid (12 cc.). The deep red solution was poured into water, sodium hydroxide added to 
alkaline reaction, the mixture left for thirty minutes a t  room temperature, the precipi- 
tate removed, washed, dried, extracted with hot alcohol, the alcohol extracts decolorized 
and filtered. Water was added to the hot filtrate until incipient clouding, when i t  was 
permitted to cool. The separated amine (yield, 1.2 g., or 66%), recrystallized from alco- 
hol and water in a similar manner, formed orange-yellow needles, soluble in methyl alco- 
hol, acetone, ethyl acetate or benzene; slightly soluble in concentrated hydrochloric acid 
to a pale violet solution; but dissolving in concentrated sulfuric acid to a deep violet, 
changing gradually to a potassium permanganate color and then to shades of red, from 
which it was partially reprecipitated by the addition of water. When placed in the 
bath at  165' (corr.), it  darkened and melted with decomposition a t  176.7-177.7 (corr.). 

Anal. Calcd. for C ~ Q E I ~ ~ N ~ S :  C, 75.45; H, 4.67. Found: C, 75.03; H. 4.78. 

2-p-Aminophenylacenaphthene-peri-metathie (X) was prepared by reduction 
of the nitro derivative (IX) in much the same way as the m-isomer, except that some 
mossy tin was added to assist the reduction and three times the volume of alcohol was 
found necessary. The yield of crude arnine was 72%. and the product formed orange 
needles which, when placed in the bath at  208' (corr.), gradually darkened and melted 
with decomposition a t  214.8-215.8' (corr.). It was soluble in methyl alcohol, acetone. 
ethyl acetate or benzene. Its behavior with concentrated hydrochloric acid, or con- 
centrated sulfuric acid, was the same as that of the m-isomer. 



Anal. Calcd. for CI9H,&2S: C ,  75.45; H, 4.67; S, 10.61. Pound: C, 75.26; 
H, 4.36; S, 10.75. 

Dyes of Columbia Yellow (Colour Index No. 814) Type from m- and p-Ammo- 
phenylacenaphthene-peri-metathiazines. From the m-Isomer.--When 1 g. of the 
amine was added to 30 cc. of concentrated sulfuric acid, it formed a solution of deep 
potassium permanganate color, which gradually changed to a deep wine red when the 
solution was heated for ten minutes a t  60-65O. After cooling, the solution was poured 
upon ice, the flocculent orange precipitate collected, washed, dissolved in hot dilute 
sodium carbonate solution (leaving no insoluble residue), the hot solution acidified with 
hydrochloric acid, allowed to cool, the precipitate removed, washed and dried; yield, 
1.3 g. of dark brown powder. This was dissolved in 250 cc. of hot very dilute sodium 
hydroxide, the solution cooled to room temperature, 3 cc. of 1.23 N sodium hypochlorite 
solution added and the mixture left for five hours a t  room temperature. It was then 
heated and an equal volume of hot filtered saturated salt solution added. The dye 
separated as a dark brown flocculent precipitate, which was filtered out when the 
solution was cold, dissolved in hot water, the solution filtered, the dye salted out again 
from the filtrate, washed with alcohol, ether and dried. It was insoluble in concentrated 
sodium hydroxide solution. In concentrated sulfuric acid, it  dissolved with production 
of a port wine color. On prolonged contact with excess of alkaline hypochlorite, it was 
bleached to a pale yellow color, with marked increase in weight and loss of solubility in 
water. 

The dyeings were carried out with 50 cc. of 0.1% dye solution, 2.5 g. of unbleached 
cotton, 62 cc. of water, ten drops of a 10% sodium carbonate solution and 37 cc, of a 1% 
sodium chloride solution, the mixture being heated for thirty minutes just below the 
boiling point. 

Unmordanted unbleached cotton was thus dyed a peach shade, fast to light and 
bleeding, but only moderately fast to laundering. 

From the p-Isomer.-The process was the same as for the m-isomer, varying only 
in some of the details. 

The solution of the amine in the sulfuric acid, which was of potassium permanganate 
color a t  first, changed to a deep crimson red when heated. The crude aminosulfo acid 
was henna-colored when wet, but dark brown when dry; yield, 1.3 g. from 1 g. of the 
amine. The dye itself was a brown powder, slightly darker in color than its m-isomer, 
and in most of its physical, chemical and tinctorial properties resembled the latter, ex- 
cept that its dyeings on unbleached unmordanted cotton were of an apricot shade. 

Summary 

1. The synthesis of acenaphthene-peri-metathiazines has been ac- 
complished, using 4-nitroacenaphthene-3-sulfonchloride as initial material, 
and their properties are described. 

2. From the m- and p-aminophenylacenaphthene-peri-metathiazines 
dyes of Columbia Yellow (Colour Index No. 814) type have been prepared 
and their tinctorial properties recorded. 

3. In preparation and properties, these metathiazines parallel closely 
the analogously constituted peri-metathiazines of the naphthalene series 
recently synthesized by Bogert and Bartlett.2 

NEW YORK, N. Y. RECEIVED NOVEMBER 14, 1932 
PUBLISHED APRIL 6, 1933 
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Some Reactions of Hydraz~phenylfluorene 

As part of a program of research on the organic chemistry of nitrogen 
i t  was desired to determine more fully the properties of a few symmetrical 
azotriarylmethanes. It has been shown by Wielandl that azotriphenyl- 
methane, (C~H~)~CN=NC(CBHS)~, is extremely unstable, decomposing 
into triphenylmethyl and nitrogen. On that 
basis it might be assumed that similar sym- 
metrical azotriarylmethanes would likewise 

a\ d , ( f N = N C , b  /a 
be unstable. The present investigation was 
undertaken with the object of attempting 
the preparation of azophenylfluorene, I, by 
the oxidation of the corresponding hydrazo 

0 I 0 
compound. This paper will deal principally with the preparation and re- 
actions of hydrazophenylfluorene. 

A series of preliminary oxidation experiments, first carried out with 
hydrazotriphenylmethane, consisted largely of a repetition of the work 
reported by Wieland. His observation concerning the probable transitory 
existence of azotriphenylmethane was confirmed. It was found, for 
example, that the halogens, bromine and iodine, reacted with hydrazo- 
triphenylmethane even a t  -40°. The ultimate products identified were 
nitrogen, triphenylmethyl peroxide, triphenylmethyl halide, triphenyl- 
carbinol and hydrazine hydr~halide.~ In this study no greater success 
was achieved from attempts to oxidize hydrazotriphenylmethane with 
freshly prepared oxides of silver, lead,3 mercury and manganese. The ac- 
tion of benzoyl peroxide and benzoyl hydroperoxide upon the hydrazo com- 
pound yielded nitrogen and triphenylmethyl peroxide. Hydrazotriphenyl- 
methane was decomposed by iodine pentoxide with the evolution of nitro- 
gen and the simultaneous liberation of iodine. 

It was considered that the extreme instability of azotriphenylmethane 
was intimately related to the weak affinity of the substituent triphenyl- 
methyl group, which is manifested by the ability of the latter to exist as a 
free radical. In making another choice for the synthesis of a compound of 

(1) Wieland, Bw., 42, 3020 (1909). See also Stieglitz and Brown, THIS JOURNAL, 44, 1270 
(1922). 

(2) Wieland reported the formation of hydrazotriphenylmethane hydrochloride from the hydrazo 
compound and hydrogen chloride. Upon repeating this experiment it was found that the reaction 
yielded triphenylchloromethane and hydrazine hydrochloride. 

(CsH5)aCNHNHC(CsH5)3 + 3HC1--+ 2(C6Hs)&Cl f N ~ H K H C ~  
This reaction was found to be useful in the identification of a mixture of hydrazotriphenylmethane and 
triphenylmethyl peroxide. 

(3) The use of silver and Iead oxides was a repetition of Wieland's work and his results were con- 
firmed. 



the azotriarylmethane type, azophenylfluorene was selected. This com- 
pound seemed to be somewhat more promising because the related hydro- 
carbon, dibiphenylenediphenylethane, is reported to be dissociated to a 
less extent than he~aphenylethane.~ Furthermore, the derivatives of 
phenylfluorene are much more stable and in general react more sluggishly 
than the corresponding derivatives of triphenylmethane. For example, 
Kliegls pointed out that halogen derivatives of phenylfluorene appeared to 
be unusually stable when digested with water. He also reported his in- 
ability to secure condensations between the carbinol with aniline, hydroxyl- 
amine and phenylhydrazine similar to the well-known condensations of tri- 
phenylcarbinol that were first carried out by Baeyer and Villiger.= It 
is of interest, in this connection, that the chloride and carbinol derived 
from triphenylmethane are much more easily and smoothly reduced by 
various reagents to the parent hydrocarbon than the corresponding deriva- 
tives of phenylfl~orene.~ 

Hydrazophenylfluorene was synthesized by the reaction of hydrazine 
hydrate with phenylbromofluorene in xylene solution. In  various attempts 
to convert the product to the corresponding azo compound the following re- 
agents were tried: "active" silver oxide,8 potassium permanganate, 
benzoyl peroxide, bromine and palladium black. In the experiment with 
silver oxide practically all of the hydrazo compound was recovered. With 
potassium permanganate in anhydrous acetone and with benzoyl peroxide 
hydrazophenylfluorene was oxidized to phenylfluoryl peroxide. Better 
control of the oxidation did not result when bromine was employed. 

Wieland's work
g 

on the use of palladium black as catalyst for oxida- 
tion and reduction suggested the possibility that this reagent might 
cause the dehydrogenation of hydrazophenylfluorene, with the formation of 
the corresponding azo compound as one of the products. The results of 
the present investigation indicated that palladium black did promote the 
dehydrogenation of hydrazophenylfluorene. The principal products were 
nitrogen, phenylfluroene and a relatively small amount of dibiphenylene- 
diphenylethane. It is not improbable that azophenylfluorene was an in- 
termediate product. Its formation might be followed by its thermal de- 
composition and the subsequent hydrogenation of some of the resulting 
phenylfluoryl to phenylfluorene in the presence of palladium. 

The action of oxygen upon hydrazophenylfluorene in the presence of 
palladium was studied. The hydrazo compound was oxidized, yielding a 
mixture of phenylfluoryl peroxide and phenylfluorenol. No other product 
could be isolated. The action of hydrogen in the presence of palladium 

(4) Schlenk, Herzenstein and Weickel, Ber., 43, 1754 (1910). 
(5) Kliegl, ib id . ,  38, 284 (1905). 
(6) Baeyer and Villiger, ib id . ,  35, 3015 (1902). 
(7) Unpublished work. 
(8) Willstatter and Muller, Be?., 41, 2580 (1908). 
(9) Wieland, ib id . ,  45, 484, 2606, 2615 (1912): 46, 2085, 3327 (1913). 
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black upon phenylfluoryl peroxide yielded phenylfluorene. A similar re- 
sult has been noted for triphenylmethyl peroxide.1° 

Experimental 
Preparation of Hydrazotripheny1methane.-The following procedure is similar to 

the methods previously reported by WieIand and Stieglitz and Brown but is more con- 
venient and results in higher yields. To a solution of 30 g. of 90% hydrazine hydrate 
in about 100 cc. of dry pyridine, 114 g. of triphenylchloromethane was added in small por- 
tions so that the temperature of the reaction mixture did not rise above 45-SO0. The 
solution was agitated during the addition of the halide and for an hour thereafter. The 
9olid organic matter was precipitated by the dilution of the reaction mixture with a large 
volume of water, collected and then extracted with alcohol, which dissolved triphenyl- 
carbinol and left the hydrazotriphenylmethane. The latter was then crystallized and 
recrystallized from a mixture of benzene and alcohol as recommended by Wieland; yield 
66 5 g., m. p. 212" with decomposition. 

Preparation of Hydrazophenylfluorene.ll-A mixture of 15 g. of phenylbromo- 
fluorene and 7.5 cc. of hydrazine hydrate (90%) in 50 cc. of xylene was heated a t  100' 
for about two hours. The excess hydrazine was separated from the supernatant xylene 
solution and the latter diluted with petroleum ether and cooled in an ice-bath. A white 
solid (4.1 g.) precipitated; m. p. 181-182' with decomposition. This product was 
identified as a mixture of hydrazophenylfluorene and phenylfluoryI peroxide. The mix- 
ture was treated with warm ether, in which the hydrazo compound is considerably more 
soluble than the peroxide. Separation was thus effected. The hydrazo compound was 
recovered from the ether solution and upon recrystallization from the same solvent a 
yield of but 2 g. was obtained; m. p. 195-196O, with decomposition. The identification 
of the residual phenylfluoryl peroxide is detailed below. 

Anal. Calcd. for C38H28N2: C,  89.02; H, 5.51; N, 5.47. Found: C,  88.69, 
88.77; K, 5.25, 5.34; N, 5.47, 5.55. 

Hydrazophenylfluorene is very soluble in chloroform, xylene, acetone and benzene, 
somewhat soluble in alcohol and ether, and less soluble in petroleum ether, and acetic 
acid. This compound is much more susceptible to oxidation by air than hydrazotri- 
phenylmethane, and, unlike the latter, does not react readily with ethereal or aqueous 
hydrogen chloride. 

The ether insoluble fraction after two recrystallizations from benzene melted a t  
194", and its melting point was not depressed after mixing with phenylfluoryl peroxide. 
Upon concentration of the mother liquor (xylene and petroleum ether solution) a crop of 
3.5 g. of phenylfluorene, m. p. 146", was obtained; mixed m, p. with phenylfluorene, 
147". 

When the reaction was carried out a t  room temperature, the chief product was 
phenylfluorene. 

A solution of 2 g. of phenylbromofluorene, 1 cc. of hydrazine hydrate (90%) in 20 cc. of 
xylene was allowed to stand a t  room temperature for about a week. Gas was slowly 

(10) Wieland and Muller, Ann., 401, 233 (1913) 
(11) This compound can also be advantageously prepared by the use of acetonitrile as the solvent 

(unpublished work). 
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evolved and a small deposit of needle-like crystals was formed. The xylene solution was 
pipetted from the hydrazine hydrate and concentrated to  a small volume; alcohol was 
added and crystallization induced, whereupon 0.70 g. of white solid separated; m. p. 
144-145". This was recrystallized from alcohol and ether; m. p. 147O; mixed m. p, 
with phenylfluorene, 147". 

Action of Sodium upon Hydrazopheny1fluorene.-It had been observed that hy- 
drazotriphenylmethane dissolved in liquid ammonia reacts a t  0 "  with sodium; the prod- 
uct after treatment of the reaction mixture with watar is triphenylmethane in 90% 
yield.12 

A similar reaction was observed with hydrazophenylfluorene. A solution of 0.162 
g. of hydrazophenylfluorene with a n  excess of sodium (0.029 g.) in dry liquid ammonia 
reacted vigorously a t  0 O, forming a n  orange colored solid (sodium phenylfluorene?). 
This was treated with water, and 0.150 g. of a white hydrolysis product was obtained; 
m. p.. 143" After one recrystallization from alcohol its melting point was 147' and 
was not depressed when the substance was mixed with phenylfluorene. 

Attempts to Prepare Azophenylfluorene by the Oxidation of Hydrazophenyl- 
flcorene.-Fow-te11t11s grdm of hydrazophenylfluorene, 0.05 g. potassium permanga- 
nate and several grams of preheated sodium sulfate were added to acetone which had been 
purified by four distillations in the presence of potassium permanganate and dried 
over potassium hydroxide. The reaction mixture was shaken for four hours until all 
of the permanganate had been brought into reaction. The solution was filtered and 
concentrated in a vacuum desiccator. The first crop of crystals were white in the 
presence of the solvent and turned pink when dry. a property characteristic of phenyl- 
fluoryl peroxide; m. p. 18g0, and m. p. of a mixture with phenylfluoryl peroxide, 192' 
The residual material was found to consist of a mixture of hydrazophenylfluorene and 
phenylfluoryl peroxide. 

A solution of 0.100 g. of benzoyl peroxide and 0.212 g. of hydrazophenylfluorene 
in 15 cc. of benzene was allowed to stand in a glass-stoppered Erlenmeyer flask in  the 
dark for several weeks. Crystals were formed which upon filtration turned pink and 
melted a t  192-193'. The melting point of a mixture with phenylfluoryl peroxide was 
also 192-193". 

When a gas-evolution tube containing 0.1 g. of hydrazophenylfluorene in about 10 
cc. of xylene was heated in a water-bath to SO0, a slow evolution of a gas resulted. An- 
other tube (Pyrex glass) containing a similar solution was placed in direct sunlight (tem- 
perature, 8'). Within two hours the solution turned yellow and gas was slowly given 
off. From a third tube kept in the dark for two weeks, less than 0.1 cc. of gas was ob- 
tained. After a specimen of the pure, solid hydrazo compound had been stored in a 
stoppered bottle in the dark for three to  four months, i t  was re-analyzed; the nitrogen 
content (Dumas) was found to be 4.0%. representing a loss of 1.5% 

Behavior of Xydrazophenylfluorene in the Presence of Palladium Black.-Pal- 
ladium black was prepared according to the directions given by Wieland.13 I n  order 
t o  remove occluded oxygen from the palladium, the latter was treated with a stream of 
hydrogen for half a n  hour a t  room temperature and then for a n  hour a t  100 O.  It was 
found that  such treatment did not reduce the activity of the catalyst. One-tenth gram 
samples of hydrazophenylfluorene in  10 cc. of benzene (sodium-dried) and quantities 
varying from 0.2 g. to  0.8 g. of palladium black were used in each experiment. The air 
over the benzene solution was displaced by nitrogen in the presence of which the pal- 
ladium was added. The tubes containing the reaction mixture were cooled in a liquid 
ammonia bath, evacuated, sealed and removed from the bath. A fairly vigorous gas 
evolut~on was observed for a period ranging from one to two hours. I n  a "blank run" 

(12) Unpublished work. 
(13) Widand, Ber., 46, 484 (1912). 



with palladium black and benzene there was no perceptible gas evolution. In order to 
decrease the rate of decomposition, ether was substituted for benzene in one experiment 
and the observation was made a t  -48'. Here, too, gas was evolved. It was observed 
that the reactions did not go to completion, even when they were carried out a t  a higher 
temperature for several days or when a second addition of fresh palladium was made. 

The contents of a tube which had been shaken a t  room temperature for t'uree to  four 
hours were filtered in an atmosphere of nitrogen. The solvent was evaporated in a 
stream of nitrogen, leaving a residue which melted and decomposed over the range 130 
to 185'. I t  was extracted with petroleum ether (b. p. 35 to 55") and the material 
(0.070 g.) recovered by evaporation of the petroleum ether was recrystallized from 
ligroin (b. p. 90 to 120"); m. p. 142"; mixed m. p. with phenylfluorene, 144-145". 
The portion insoluble in petroleum ether melted and decomposed over the range 185 
to 212' This behavior is similar to that of a mixture of hydrazophenylfluorene and 
dibiphenylenediphenylethane. Since dibiphenylenediphenylethane is rather rapidly 
converted to the corresponding peroxide upon exposure to air, the petroleum ether 
insoluble portion was allowed to stand exposed to air for twenty-four hours. It was 
then found to melt with decomposition a t  185"; mixed m. p. with known phenylfluoryl 
peroxide 189 O,  mixed n~ p. with known hydrazophenylfluorene, 18&189 O. A known 
mixture of hydrazophenylfluorene and phenylfluoryl peroxide (1:l) melted with decom- 
position a t  189". The gas evolved in the reaction of hydrazophenylfluorene with 
palladium black was freed from benzene vapor in a special gas analysis apparatus and 
was found to consist of nitrogen. 

Action of Oxygen upon Hydrazophenylfluorene in the Presence of Palladium 
Black.-To a solution of 0.1 g. of hydrazophenylfluorene in 10 cc. of benzene, 0.5 g. of 
palladium black was added, and air was bubbled through the solution for three hours a t  . 
room temperature The solution was filtered and the solvent evaporated. The residue 
was washed with petroleum ether; m. p. 189-190°, with the characteristic orange-red 
coloration given by phenylfluoryl peroxide; mixed m, p. with the peroxide, 193 ". The 
petroleum ether washings were evaporated and a substance was obtained which melted 
at 109'; mixed m. p. with phenylfluorenol, 109'. 

Action of Hydrogen and Palladium Black upon Dibiphenylenedipheny1ethane.- 
Some of the ethane derivative, dissolved in benzene, was treated with hydrogen in the 
presence of palladium black for six hours a t  room temperature. The solution was fil- 
tered and the benzene evaporated in a stream of nitrogen. The residue melted a t  142- 
143"; mixed m. p. with phenylfluorene, 145-146'. 

Action of Hydrogen upon Phenylfluoryl Peroxide in the Presence of Palladium 
Black.-To a solution of 0.1 g. of phenylfluoryl peroxide in benzene was added some 
palladium black and the solution was treated with hydrogen a t  room temperature for 
three hours. The solvent was evaporated and the residue was found to melt a t  180- 
182". It was extracted with petroleum ether. The insoluble portion melted a t  194- 
195' (unchanged phenylfluoryl peroxide) and the fraction recovered by evaporation of 
the petroleum ether melted a t  145O; mixed m. p. with phenylfluorene, 145O. 

The author is indebted to a number of his colleagues for helpful sugges- 
tions and especially to Dr. Leslie Hellerman of the Johns Hopkins Univer- 
sity for advice and encouragement. 

Summary 

1. Wieland's observation concerning the momentary existence of 
azotriphenylmethane was confirmed. 

2. Hydrazophenylfluorene was synthesized by the action of hydrazine 



hydrate upon phenylbromofluorene. With sodium in liquid ammonia solu- 
tion, the hydrazo compound reacted to form a product, which, when 
hydrolyzed, yielded phenylfluorene. With various oxidizing agents, 
hydrazophenylfluorene yielded mainly phenyliluoryl peroxide. 
3. In experiments with palladium black, evidence was obtained for 

the possible momentary existence of azophenylfluorene; the compound, if 
formed, decomposed under the experimental conditions yielding nitrogen, 
phenylfluorene and dibiphenylenediphenylethane. The action of oxygen 
upon hydrazophenylfluorene in the presence of palladium black led to the 
formation of phenylfluoryl peroxide and phenylfluorenol. 

4. The action of hydrogen upon dibiphenylenediphenylethane and 
upon phenylfluoryl peroxide in the presence of palladium black yielded 
phenylfluorene. 

~ ~ . ~ S H I N G T C N ,  9. C. XECEIVED NOVEMBER 16, 1932 
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF THE UNIVERSITY O P  ILI,INOIS] 

Rearrangements of Polyines. IV. Tetraphenyl- 
di-(3-methyl-3-ethylpentinyl-1)-ethane 

Acetylenic hydrocarbons of the type represented in formula I have been 
found to be quite unstable and to undergo a characteristic rearrangement 
to produce more stable isomeric  hydrocarbon^.^ The nature of this 
rearrangement is still unknown and as yet it is impossible to assign definite 
structures to the stable hydrocarbons. The present communication 
describes another unstable hydrocarbon of type I and its rearrangement 
products. 

CeH6 CeHfi 
I I 

CGH~ C~HK 
I 

The reduction of diphenyl-(3-methyl-3-ethylpentinyl-1)-carbinol (11) 
with titanium trichloride to give the hydrocarbon C42H46 (111) has already 
been de~cribed.~ The evidence indicated that this hydrocarbon was not 
the ethane (IV) but its stable rearrangement product. This fact has now 
been definitely established by the synthesis of the ethane derivative. The 
following chart indicates the method used in this synthesis and summarizes 
the reactions of the two isomeric hydrocarbons which have been studied 
in the hope of furnishing evidence which will eventually make i t  possible 
to understand the rearrangement of this class of polyines. 

(1) For references to earlier work, see Halley and Marvel, THIS JOURNAL, 64, 4450 (1932). 
(2) Sweet and Marvel, ibid., 64, 1184 (1932). 



The new ethane (IV) was easily oxidized in the air and readily rearranged 
to the isomeric hydrocarbon, C42H46 (111). Chromium trioxide oxidized 
the ethane to benzophenone and the yield was 62%, which indicated that 
the two halves of this molecule really had the structure indicated. The 



ethane was readily cleaved with 40% sodium amalgam and yielded a 
sodium alkyl which could be converted to the acid (VII). The structure 
of this acid was established by oxidation with alkaline potassium per- 
manganate to give principally benzophenone and a little benzoic acid. 
Chromium trioxide in acetic acid oxidized this acid to give primarily 
benzophenone (57%) but ring closures also occurred during the reaction 
because some o-benzoylbenzoic acid and traces of anthraquinone were 
isolated from the oxidation mixture. 

The rearranged hydrocarbon, C42H46 (111), was not oxidized by oxygen. 
With potassium dichromate in acetic acid i t  was oxidized to a neutral 
compound C36H3002 (VIII). This product apparently resulted by the 
removal of two methyl and two ethyl groups and the addition of two 
atoms of oxygen. The neutral oxidation product absorbed four atoms of ' 

'nydrogen when reduced cataiyticaiiy with hydrogen in the presence of a 
platinum oxide c a t a l y ~ t . ~  These facts have been interpreted as meaning 
that the neutral compound is some type of diketone but no derivatives 
of the carbonyl group could be prepared. Oxidation of either the hydro- 
carbon, C42H46, or of the neutral oxygen compound C36H3002 by means of 
chromium trioxide in hot acetic acid gave benzoic acid and o-benzoylbenzoic 
acid. No benzophenone could be obtained from this oxidation reaction. 

An unexpected reaction of the hydrocarbon CBH46 was its cleavage 
by 40% sodium amalgam to give a sodium alkyl which upon treatment 
with carbon dioxide yielded the same acid (VII) which had been obtained 
from the sodium alkyl prepared from either the methyl ether (V) or the 
true ethane (IV). However, the yields of acid from the rearranged hydro- 
carbon were never above 36%. This fact has been interpreted to mean 
that a t  least half of the molecule in the rearranged hydrocarbon must 
retain the carbon chain which was present in the original carbinol. 

Further speculation on the structure of the rearranged hydrocarbon is 
useless until more evidence bearing on this rearrangement has been ac- 
cumulated. 

Experimental 

hexin-2-01-41 and the hydrocarbon CGH46 were prepared by the methods previously 
de~cr ibed .~  

Methyl Diphenyl-(3-methyl-3-ethylpentinyl-1)-me Ether.-The carbinol was 
converted to the methyl ether by the general method which Moureu, Dufraisse and 
Blatt4 used for diphenylphenylethinylcarbinol. To a solution of 14 g. of concentrated 
sulfuric acid in 140 cc. of absolute methyl alcohol cooled to 0' was added 14 g. of the 
carbinol over a period of about one minute. The mixture was stirred mechanically. 
A cloudiness developed in about three minutes and oily drops began to separate. Stir- 
ring was continued for about thirty minutes. The product was isolated by flooding 
with water and extracting with ether. The ether extract was washed with sodium bi- 

(3) Adams, Voorhees and Shriner, "Organic Syntheses," Collective Volume I, 1932, p. 452. 
(4) Moureu, Dufraisse and Blatt, Bull. soc. chim., 141 36, 1412 (1924). 



carbonate solution, dried over anhydrous magnesium sulfate and distilled. The residual 
oil was purified by three distillations under reduced pressure. The yield was 12.5 g. 
(85% of the theoretical amount); b. p. 143-147O (0.32 mm.); nT 1.5410; sp. gr.;; 
0.9892. 

Anal. Calcd. for CaH28O: C, 86.21; H, 8.56. Found: C, 86.21, 86.15; H, 8.61, 
8.58. 

Diphenyl-(3-methyl-3-ethylpentinyl-1)-methyl-sodium.-To a solution of 9 g. of 
the above methyl ether in 250 cc. of anhydrous ether was added 15-20 cc. of 40% 
sodium amalgam. Air was excluded by flushing out the flask with dry nitrogen. The 
flask was tightly stoppered and shaken vigorously. k dark green eolor appeared a t  once 
anc! this changed to a deep red in about five minutes. Shaking was continued for about 
five hours. The sodium alkyl was not isolated but used in this solution. 

Diphenyl-(3-methyl-3-ethylpentinyl-1)-acetic Acid.-The sodium alkyl prepared 
from 1 g. of the methyl ether was treated with dry carbon dioxide and the organic 
acid was isolated in the usual fashion. After four recrystallizations from petroleum 
ether (b. p. 90-100°), 0.616 g. (59yo of the theoretical amount) of the acid melting a t  
141-142" (Maquenne block) was obtained. In a capillary tube the acid softened a t  
140" and melted at  153-154'. The solution of the acid in carbon tetrachloride did not 
decolorize an appreciable amount of a solution of bromine in carbon tetrachloride. 
The acid did not decompose on heating to 170°. 

Anal. Calcd. for C~~H~*OZ:  C, 82.45; H, 7.54; neutral equivalent, 320; mol. wt., 
320. Found: C, 82.46; H, 7.60; neutral equivalent, 316,319; mol. wt. (Rast), 282,310. 

Oxidation of Diphenyl-(3-methyl-3-ethylpentinyl-1)-acetic Acid. (a) With Chro- 
mium Trioside.-One gram of the acid was oxidized by adding it to a solution of 4 g. 
of chromium trioxide in 50 cc. of glacial acetic acid. The oxidation mixture warmed up 
to about 45" from the heat of the spontaneous reaction. The mixture was then boiled 
under a reflux condenser for about three hours. After cooling the mixture, it was 
poured into water and the water solution was extracted with ether. By extracting the 
ether with dilute sodium hydroxide and then acidifying the alkaline solution, a mixture 
of water-insoluble acids was obtained. This mixture was dried and then warmed on a 
boiling water-bath under a pressure of 25 mm. About 0.02 g. of benzoic acid, m. p. 
118-120". sublimed from the mixture. The material which did not sublime was re- 
crystallized from carbon tetrachloride two or three times and then melted a t  126-127O. 
The yield was about 0.02 g. This material was identified as o-benzoylbenzoic acid by a 
mixed melting point determination. 

The ether solution remaining after the removal of the acidic portion with alkali was 
evaporated. On standing overnight a few yellow crystals separated from the oily 
residue. These crystals melted at  280" and were identified as anthraquinone. 

The remaining oil was dissolved in about 10 cc. of alcohol and to the solution was 
added 3 cc. of 10yo sodium hydroxide 0.5 g. of hydroxylamine hydrochloride and just 
enough water to cause the hydrochloride to dissolve. The resulting solution was re- 
fluxed for about twenty minutes and then allowed to stand at room temperature for 
two to three hours. The reaction mixture was poured into about four volumes of water, 
exactly neutralized with hydrochloric acid and cooled in an ice-bath. The yield of 
benzophenone oxime, m. p. 135-136, was 0.35 g. (57% of the theoretical amount). 
After crystallization from 50y0 alcohol the m. p. was 140-141" and when mixed with 
authentic benzophenone oxime the melting point was not changed. 

(b) With Potassium Permanganate.-A mixture of 1 g. of the acid, 7 g. of potas- 
sium permanganate and 100 cc. of ly0 potassium hydroxide solution was stirred until the 
spontaneous reaction ceased and then gently refluxed for about three hours. The mix- 
ture was acidified with suIfuric acid and filtered The precipitated manganese dioxide 



was thoroughly washed with ether and this ether was used to extract the aqueous filtrate. 
From this ether solution, 0.055 g. of benzoic acid m. p. 121-121.5" was isolated by ex- 
traction with alkali. The neutral material in  the ether was treated with hydroxylamine 
as  described above and 0.35 g. (57% of the theoretical amount) of benzophenone 
oxime, m. p. 139-140° was obtained. 

Tetraphenyl-di-(3-methyl-3-ethylpentinyl-l)-ethane [6,6,7,7-Tetraphenyl-3,lO-di- 
methyl-3,10-diethyl-dodecadi-ine-4,8].-The cold solution of the sodium alkyl prepared 
from 2.5 g. of the methyl ether was decanted from the excess amalgam in a n  atmosphere 
of dry nitrogen. To the cold solution was added dropwise (about 20 cc.) a 10 yo solutiori 
of tetramethylethylene bromide in dry ether. The addition was stopped when no fur- 
ther change in the color of the solution was observed. The cold ether solution was 
filtered and the precipitate was washed thoroughly with ether. The filtrate and wash- 
ings were evaporated under reduced pressllre to  about 20 cc. and 20 cc. of cold absolute 
alcohol (cooled to-0 ') was added. The solution was finally cooled in a carbon dioxide- 
acetone bath for about thirty minutes and quickly filtered. The product was washed 
with ice-cold alcohol and ether and dried in a vacuum desiccator a t  0 for abaut one hour 
and a half. The yield was 1.05 g. of white crystalline product, m. p. 140-142' (Ma- 
quenne block). By the capillary tube method a sample melted a t  125-126" when placed 
in a bath previously heated to 120". 

The ethane did not keep well and even a t  0 began to decompose and rearrange in a 
short time. Analysis of a product which had stood long enough to be dry, always in- 
dicated that some oxidation had occurred. The compound was therefore characterized 
by its reactions. 

Cleavage of the Ethane.--To a solution of 0.4 g. of the ethane in 30 cc. of anhydrous 
ether was added 5 cc. of 40% sodium amalgam. The flask was flushed out with nitro- 
gen, securely stoppered and placed on a shaking machine. The solution quickly 
turned brown. The color changed to red in about four minutes. After about two hours, 
the sodium alkyl was treated with dry carbon dioxide and the reaction mixture was 
worked up to obtain diphenyl-(3-methyl-3-ethylpentinyl-1)-acetic acid. After one 
crystallization from petroleum ether (b. p. 60-70") the yield of acid (m. p. 141-144"), 
was 0.16 g. (34% of the theoretical amount). Recrystallization gave a product melting 
a t  153-154' (capillary tube method) which was shown by mixed melting point deter- 
mination to be identical with the acid previously described. 

The ethane in ether solution did not give a colored solution when treated with 1% 
sodium amalgam. 

Oxidation of the Ethane. (a) With Oxygen.-One gram of the ethane was placed 
in 100 cc. of purified petroleum ether (b. p. 90-100") in a flask mounted on a shaker and 
connected to  a gas buret filled with oxygen. The absorption of gas was very rapid and 
84 cc. of oxygen (28", 745 mm.) was absorbed within a minute. The quantity of oxygen 
for one mole to be absorbed by one mole of hydrocarbon was 43 cc. After permitting 
the  mixture to shake overnight in an atmosphere of oxygen, the solvent was removed 
under reduced pressure a t  a temperature below 40 ". The brown oil which remained was 
dissolved in ether. No acid could be isolated in sufficient quantity for identification by 
extracting this ether solution with aqueous sodium hydroxide. The ether solution was 
evaporated and the neutral oil which remained was treated with hydroxylamine as de- 
scribed above. White crystalline benzophenone oxime (0.06 g.), m. p. 138.5-139.5", was 
obtained. 

(b) With Chromium Oxide.-To a mixture of 3 g. of chromium trioxide and 40 cc. 
of glacial acetic acid a t  20°, 0.4 g. of the ethane was added in portions. The oxidation 
mixture was stirred vigorously during the addition of the ethane, and held a t  about 
20-25" for a day. It was then slowly warmed t o  95O. After the reaction seemed 
complete, the mixture was cooled to about 50" and poured into 100 cc. of water. The 
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water solution was extracted with ether. The ether solution was extracted with dilute 
sodium hydroxide solution but no water-insoluble acid was obtained by acidifying the 
alkaline extract. The ether solution was evaporated. The remaining oil was treated 
with hydroxylamine as aIready described and 0.18 g. (62y0 of the theoretical amount) 
of benzophenone oxime, m. p. 139.5-140.5', was obtained. 

Rearrangement of the Ethane.-A soltltion of 0.2 g. of the ethane in about 15 cc. of 
dry ether was slowly concentrated under reduced pressure. The residual material was 
waybed once with absolute alcohol previously cooled to 0". The crystals which re- 
mained weighed 0.1 g. and melted a t  106-108.5°. After one recrystallization from ab- 
solute alcohol, p ~ r p  rearranged hydrocarbon, C42H46, m. p. 106.5-108°, was obtained. 
This sample showed no depression in melting point when mixed with a sample of the 
hydrocarbon prepared by the reduction of the carbinol with titanium trichloride. 

Oxidation of the Rearranged Hydrocarbon, Cd2H4& (a) With Potassium Di- 
chromate in Acetic Acid.-The oxidation of the hydrocarbon Cd~H46, reported by Sweet 
and Marvel2 was repeated. From 3 g. of the hydrocarbon, 0.94 g. of the neutral oxida- 
tion product, m. p. 137-13S0, was obtained. 

Anal. Calcd. for ClsHtoOl: C, 87.41; H, 6.12; mol. wt. 494. Found: C, 87.01; 
H, 6.04; rnol. wt. (Rast), 490. 

In  addition to this neutral oxidation product, about 0.1 g. of o-benzoylbenzoic acid, 
m. p. 126-127'. was obtained. 

(b) With Chromium Trioxide.-A solution of 2 g. of the hydrocarbon, C42IT46, in 
60 cc. of glacial acetic acid was treated with 4 g.  of chromium trioxide and the solution 
was boiled for ten hours. From this oxidation 0.1 g. of o-benzoylbenzoic acid, m. p. 
126-127", and 0.28 g. of the indifferent oxidation product, CleHsoOz, m. p. 137-13S0, 
were obtained. 

(c) Other Oxidation Experiments.-Oxonized oxygen was passed into a solution 
of the hydrocarbon in carbon tetrachloride. The only compound which could be 
identified among the oxidation products was benzoic acid. This was isolated in ex- 
tremely small amounts. Perbenzoic acid apparently did not attack the hydrocarbon. 

Cleavage of the Rearranged Hydrocarbon, C42H46.-A solution of 1 g. of the hydro- 
carbon in 40 cc. of dry ether was shaken in an inert atmosphere with 6 cc. of 40% 
sodium amalgam. The solution appeared red after about six minutes when the tem- 
perature was about 35 O. After shaking the mixture for fifteen hours, dry carbon dioxide 
was introduced. From the reaction mixture, 0.42 g. (36% of the theoretical amount) 
of diphenyl-(3-methyl-3-ethylpentinyl-1-)-acetic acid, m. p. 141" (Maquenne block), 
was obtained. 

Reactions of the Neutral Compound, C36H3002.-A solution of 0.5 g. of the com- 
pound CsHtoOz in 15 cc. of glacial acetic acid was treated with 1 g. of chromium trioxide 
and refluxed for about six hours. From this oxidation mixture 0.036 g. of hydrated o- 
benzoylbenzoic acidi m. p. 88-92 O,  was obtained. After drying and recrystallizing this 
acid from carbon tetrachloride, the melting point was 126-127'. 

Ozone oxidation of the neutral compound gave traces of benzoic acid. Perbenzoic 
acid and sodium hypobromite did not oxidize the neutral compound. 

A solution of 1 g. of C36H3002 in 130 cc. of absolute alcohol was reduced with hydro- 
gen under pressure in the presence of 0.05 g. of platinum oxide ~ a t a l y s t . ~  The absorp- 
tion of hydrogen was complete in fifteen minutes. The catalyst was removed by fil- 
tration and the alcohol solution was concentrated to a small volume. On cooling, crys- 
tals separated. After recrystallization from alcohol the yield of product was 0.16 g. 
The melting point of the pure product was 226.5-228' (corr.). 

Anal. Calcd. for C3eI&402: C, 86.70; H, 6.68; mol. wt. 498. Found: C, 86.83, 
86.92; N, 6.99, 7.02; mol. wt. 489. 



Although the analytical evidence indicated that C36H30On, was a diketone, no deriva- 
tives of the carbonyl group were obtained. Furthermore, the reduction product did not 
give reactions of the hydroxyl group although four atoms of hydrogen were apparently 
added to the diketone. 

Summary 

1. The polyine, tetraphenyl-di-(3-methyl-3-ethylpentinyl-l-ethane has 
been prepared. It is oxidized by air, cleaved by 40% sodium amalgam, and 
rearranges spontaneously to give a more stable isomeric hydrocarbon, 
C42H46- 

2. Some reactions of the rearranged hydrocarbon Ck2H46 have been 
studied in the hope of establishing its structure. Cleavage by sodium 
amalgam has furnished evidence that a t  least half of the molecule retains 
the original carbon skeleton. 

3. The question of final structure of the isomeric hydrocarbon C42H46 
and the exact nature of the rearrangement by which i t  is formed must be 
left open until further evidence can be obtained. 

URBANA, ILLINOIS RECENED NOVEMBER 21, 1932 
PUBLISHED APRIL 6, 1933 

[CONTRIBUTION PROM THE BIOCHEMICAL LABORATORIES, STATE UNIVERSITY OF IOWA] 

The Oxidation of Citric Acid 

Except for the questionable procedure of Nordbo and Scherstenl the 
only method for the quantitative determination of minute amounts of 
citric acid is that of Thunberg2 which is based on the speed of decoloriza- 
tion of methylene blue in the presence of citric acid and the specific citric 
acid dehydrogenase of cucumber seed. With certain  modification^,^ 
this method, although time-consuming, has proved satisfactory but, as 
with other biological methods, trustworthy results are obtainable only 
a t  the cost of continuous checking of the uniformity of reagents and pro- 
cedure. For the study of the metabolism of citric acid a precise micro- 
chemical method is greatly needed and the oxidation of citric acid by 
permanganate, with manometric measurement of the carbon dioxide 
evolved, offered some promise. 

By analogy with the permanganate oxidation of lactic acid by Avery 
and ha sting^,^ in which 1 mole of carbon dioxide is obtained from each 
mole of lactic acid, the production of 3 moles of carbon dioxide per mole of 
citric acid should be expected, especially since the commonly used quanti- 

(1) Nordbo and Schersten, Skand. Arch. Physiol., 63, 124-132 (1931). 
(2) Thunherg, Biochem. Z., 206, 109 (1929). 
(3) Kuyper and Mattill, Proc. Soc. Exfit. Biol. Med., 28, 863 (1931). 
(4) Avery and Hastings, J .  Biol. Chem., 94, 273 (1931). 
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tative methods for citric acid are based on the formation of acetone5 or 
pentabromoacetone6 by permanganate oxidation. I t  is specified in these 
methods that the solution must be kept boiling5 or that the temperature 
may not rise above 60°6 but even with this clue as to the possible influence 
of temperature it was surprising to find (Table I) that the oxidation of 
citric acid by 0.1 N and 0.2 N permanganate a t  room temperature in the 
Van Slyke constant volume apparatus gave not 3 moles but 4.64 moles of 
carbon dioxide per mole of citric acid, and with N permanganate 4.91 moles 
of carbon dioxide. As shown by -4very and Ha.stings with lactic acid, the 
smaller the concentration of citric acid, the more complete is the oxida- 
tion, until as many as five of the carbons appear as carbon dioxide. With 
very small amounts of citric acid the experimental error is, of course, 
magnified. 

TABLE I 
PERMANGANATE OXIDATION OF LACTIC AND CITRIC ACIDS IN VAN SLYEE MANOMETRIC 

Mml. Carbon Mml. COa 
Acid per Temp., KMn04, dioxide, mml. acid 
used liter O C .  normal mml. (C + Con) 

Lactic 
Lactic 
Citric 
Citric 
Citric 
Citric 
Citric 
Citric 
Citric 
Citric 
Citric 
Citric 

This paradox, more complete oxidation a t  room temperatures than 
a t  higher temperature, was demonstrated in another may by titration of 
citric acid with permanganate in sulfuric acid a t  various temperatures 
within the range of 20-100'. The data in Table I1 show that between 
60 and 70' the nature of the oxidation reaction changes. Below this point 
1 mml. of citric acid consumed 3 rnml. of permanganate oxygen, with a 
small temperature gradient. Above that point the permanganate oxygen 
consumption per mml. of citric acid declined, until a t  boiling temperature 
the amount of permanganate used per mml. of citric acid was about 
half that used a t  57-83'. Also acetone appeared above that point (qualita- 
tive colorimetric estimation), but none below it. The less vigorous oxida- 
tion in acetic acid solution (Table 11) revealed the same behavior; a t  
boiling temperature some citrate was still oxidized beyond the acetone 

( 5 )  Kogan, Z. anal. Chem., 80, 112 (1930). 
(6) Hartmann and Hillig, J .  Assn. Off. Agric. Chemists, 10, 264 (1927). 



PERMANGANATE OXIDATION OF CITRIC ACID AT DIFFERENT TEMPERATURES 

Acid Mml. per Temp., KMnOa, Oxygen, Mml Oxygen 
oxidized liter Acid O C .  cc. mml. Mml. acid Acetone 

Citric 2.285 15-20 61.50 6.96 3.05 0 
Citric 2.285 HzSO~ 27-30 63.00 7. I3 3.12 0 
Citric 2.285 HzS04 3740 63.25 7.18 3.14 0 
Citric 2.285 XTZSO~ 57-63 64.20 7.28 3.19 0 
Citric 2.285 HzSO~ 77-83 51.00 5.78 2.53 2+ 
Citric 2.285 87-93 46.80 5.33 2.33 5 + 
Citric 2.285 HzS04 93-103 32.60 3.70 1 6 2  5+ 

Citric 0.815 Acetic 60-65 7.10 0.814 1.00 
Citric 1.63 Acetic Boiling 8.10 .930 0.571 

Acetone dicarbonic 0.699 HzSOr 26 16.70 1.795 2.57 0 
Acetone dicarbonic 699 HzS04 65 14.30 1.632 2.34 Trace 
Acetone dicarbonic ,699 HzSOa Boiling 0.00 0 000 C! GO 5+ 

stage (0.571 instead of the theoretical 0.500) which explains why Kogan's 
method recovers only 89% of the theoretical amount of acetone. 

An insight into the mechanism of the two different reactions above 
and below 60' was provided by the behavior of an intermediary p r ~ d u c t , ~  
acetone dicarbonic acid (Table 11), which paralleled that of citric acid, 
except that at boiling temperature acetone dicarbonic acid consumed no 
permanganate oxygen and decomposed spontaneously into carbon dioxide 
and acetone. 

The following equations have been formulated to explain the divergent 
course of citric acid oxidation as influenced by temperature. 

First Step 
112-C-COON Hz-C-COOH 

I I 
2 OH-C-COOH + Oa = 2 -0 + 2C02 + 2Hz0 

I I 
H~-C-COOK H~-C-COOH 

Citric acid Acetone dicarbonic acid 

Second Step 
At low temperature 

Hz-C-COOH 
I 

2 C=O + 5.502 = 2CHzO + HCOOH + 7C01 + 3H20 
I 

At high temperature 
Ha-?-COOK CHI I 

The first stage in the oxidation a t  any temperature is the formation of 
acetone dicarbonic acid. Additional evidence for this statement is that 

(7) Wohlk, 2. onol. Chsm., 41, 77 (1902). 
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this acid and citric acid are the only substances of this general structure 
which quantitatively yield a pentabromoacetone derivative when oxidized 
in the presence of potassium b r~mide .~  The nature of the second step 
depends on the relationship between the temperature and the speed of 
oxidation. At high temperature acetone dicarbonic acid is decomposed 
to acetone but if the oxidizing potential is high some of it may be oxidized. 
The oxidative reaction is accelerated by the use of sulfuric instead of acetic 
acid, or by increasing the strength of the permanganate solution. Indeed, 
an almost purely oxidative reaction can he secured even a t  high tempera- 
tures by very rapid addition of permanganate. 

The reaction a t  room temperatures is equally variable and because of its 
immediate relation to the original purpose of the work it was studied in 
greater detail. Apparently the only products are formaldehyde, formic 
acid and carbon dioxide in variable amounts. Citric acid was titrated 
with acid permanganate in a closed flask, such that the carbon dioxide 
could be aerated from the solution and weighed, The formic acid re- 
maining in the reaction mixture was determined by the weight of mer- 
curous chloride produced by the reducing action on mercuric ~hlor ide .~ 
No means was found for making simultaneous determinations of formalde- 
hyde and carbon dioxide, and since separate determinations in different 
runs have no value because of the variability of the reaction, the amount of 
formaldehyde formed was calculated as representing the carbon which 
entered the reaction less that found as formic acid and carbon dioxide 
at  its completion, a procedure which was later justified. From the ob- 
served and calculated data the oxygen entering the reaction in citrate and 
permanganate was compared with that found in the oxidation products. 
Table I11 presents the results of a series of titrations a t  room temperature 
in which the rate of addition of permanganate was gradually reduced. 
With rapid addition of permanganate the amount of oxygen found in 
the reaction products was equal (within 0.5%) to that present in the original 
citrate plus that derived from the permanganate used. As the speed of 
permanganate addition was reduced (Experiments 2 to 8) the reaction 
products contained increasingly more oxygen (finally 28% more) than is 
known to have entered the reaction as citrate and permanganate. The 
formation of less highly oxidized products is improbable; neither acetone 
nor other partial oxidation products could be detected and any calculation 
on the basis of their formation still fails to account for the additional oxygen 
present. When nitrogen was used for aeration (Experiments 9, lo), 
whether permanganate was added fast or slowly, no excess oxygen was 
recovered; on the other hand, when the solution was aerated very slowly 
with oxygen (Experiment 11)) the products contained almost 36y0 excess 

(8 )  Amberg and McClure, A m  J. Physiol., 44, 453 (1917). 
(9) Autenrieth and Warren, "Detection of Poisons," P. Blakiston's Son and Co., Philadelphia. 

1928, 6th ed., p. 98. 



TABLE I11 
OXYGEN BALANCE IN CITRIC ACID OXIDATION AT ROOM TEMPERATURE 

Oxygen in the end products of the 
Oxygen entering the reaction reaction 

Cit- Formic Carbon Formal- Oxygen Remarks 
rates KMnOl, Total, acid, dioxide, dehydeb Waterc "recovery," Aerated KMnOl 

Expt. mml. mml. mml. mml. mml. mml. mml. Total % with added 

1 3.500 3.626 7.127 0.978 4.674 0.173 1.337 7.163 100.49 Air Fast 
2 3.500 3.545 7.044 1.016 4.706 .I38 1.332 7.215 102 44 Air 
3 3 500 3.336 6.835 0.607 4.788 ,302 1.394 7.094 103.78 Air 
4 3.500 3.440 6.942 .721 4.822 ,229 1.411 7.182 103.47 Air 
6 3.500 3.334 6.833 ,627 4.939 .216 1.470 7.252 106.12 Air to 
6 3.500 3.108 6 6 0 8  .589 4.985 .213 1.492 7.280 110.15 Air 
7 3.500 2.405 5.905 .265 4.808 .462 1.404 6.940 117.55 Air 
8 3.500 2 467 5 967 ,266 5.512 .I10 1.757 7.645 128.13 Air Slowly 
9 3.500 3 628 7.129 .730 4.653 .308 1.326 7.019 98.46 Nitrogen Slowly 

10 3.500 3.775 7.276 1 .I16 4.665 .I60 1.282 7.124 97.93 Nitrogen Fast 
11 3.500 2.170 5.670 0.206 5.590 . lo2  1.795 7.694 135.70 Oxygen Slowly 

a From 0.9 to 1.7 mml. of citrate was used in these experiments. The results were 
all recalculated to 1 mml. of citric acid whir& centzins 3.5 mm!. of oxygeo. 

The oxygen present in formaldehyde was calculated as equal to one-half the differ- 
ence between the carbon entering the reaction and that recovered as formic acid and 
carbon dioxide, all expressed as millimoles 

" This value was obtained by considering the oxidation of citric acid as occurring in 
three separate reactions involving the formation of the determined amounts of formic acid, 
carbon dioxide and formaldehyde, respectively. The water taking part in each reaction 
was then calculated, the values were summated, and the oxygen equivalents obtained. 

oxygen. Molecular oxygen therefore enters the reaction and in part 
supplants permanganate. An almost 100% recovery in the reactions 
aerated with nitrogen confirms the original assumption that permanganate 
oxidation of citric acid a t  room temperature produces only carbon dioxide, 
formaldehyde, formic acid and water. The small amount of oxygen un- 
accounted for in the nitrogen aerations may have been lost in volatilized 
formic acid. 

The distribution of oxygen in the various end-products requires com- 
ment. The total amount of formaldehyde and formic acid produced per 
mole of citrate oxidized decreases with increasing participation of molecular 
oxygen (from considerably above 1 mole to less than half a mole); the 
amounts of carbon dioxide and water produced increase with increasing 
participation of molecular oxygen. Furthermore, when molecular oxygen 
is most instrumental in oxidation (Experiment l l ) ,  i t  enters the reaction in 
the ratio of two moles for each mole of citrate oxidized. This amount is 
just sufficient to  oxidize one mole of acetone dicarbonic acid to three moles 
of carbon dioxide, one of water and two of formaldehyde. Three of its 
carbon atoms are already oxidized to  or beyond the formaldehyde stage; 
the remaining two are probably oxidized by the same path. Acetone di- 
carbonic acid, perhaps in an active state, is therefore the most likely inter- 
mediate substance to react with molecular oxygen; permanganate is 
thereby released for the more complete oxidation of formaldehyde and 
formic acid to carbon dioxide. 
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These observations explain some of the difficulties encountered in the 
quantitative estimation of citric acid by permanganate oxidation. Dupli- 
cate results are obtainable only under exactly similar conditions, I n  
Kogan's method slight changes in temperature, acidity and rate of addi- 
tion of permanganate influence the amount of acetone produced. In the 
oxidation to pentabromoacetone an empirical conversion factor of 1.05 in- 
dicates that some citrate is oxidized beyond this stage. Oxidation by 
ceric sulfatelo apparently also requires careful control of acidity, volumes 
and concentrations of the reacting substances, and according to its sponsors 
"the conversion factor indicates very extensive oxidation of acetone." 
By means of the conversion factors given in Table I citric acid in pure 
solutions can also be determined satisfactorily by the Van Slyke con- 
stant volume apparatus, provided standardized conditions are maintained. 

The association of molecular oxygen with permanganate in the in vitro 
oxidation of citric acid a t  temperatures below 60" is interesting in the 
light of the rapid oxidation of this substance in the animal body. I ts  
failure to produce acetone a t  body temperature in vitro agrees with the 
observation1' that i t  is an antiketogenic substance. 

The author wishes to thank Professor H. A. Mattill for his interest and 
assistance. 

Summary 

The acid permanganate oxidation of citric acid is more complete a t  
room temperatures than a t  high temperatures. Acetone dicarbonic 
acid is the first intermediary product. At temperatures below 60°, de- 
pending on the concentration of permanganate and the rate of its addi- 
tion, this intermediary product is oxidized to formaldehyde, formic acid 
and carbon dioxide; molecular oxygen takes part in this oxidation and no 
acetone is formed. The higher the temperature above 60' the more ace- 
tone dicarbonic acid is decomposed into acetone before i t  can be oxidized. 

By means of proper conversion factors small amounts of citric acid in 
pure solution may be determined by oxidation with permanganate in the 
Van Slyke constant volume apparatus. 

IOWA CITY, IOWA RECEIVED NOVEMBER 21,1932 
PUBLISHED APRIL 6, 1933 

(10) Willard and Young, THIS JOURNAL, 62, 132 (1930). 
(11) Greenwald, J .  Biol. Chem., 18, 115 (1914). 



The Crystalline Coloring Compounds in Redwood Extract2 

BY E. C. SHERRARD AND E. F. KURTH 

The heartwood of freshly cut green redwood is usually of a straw color. 
Soon after the surface is exposed to the atmosphere a red to brown dis- 
coloration develops. This paper describes the isolation and several proper- 
ties of two crystalline coloring substances which, together with certain 
of their derivatives, may be responsible for the red and brown colors in 
seasoned redwood. In naming these compounds an attempt was made to 
conform as nearly as possible to the nomenclature used by Perkin and 
Everest3 on coloring matter of similar nature. 

The compounds and the relationship of a few derivatives are 

Redwood (Sequoia sempervirens) 
I 

Sequoyin, C3cHasO:o Isosequein 
I 

One of the compounds, sepuoyin, crystallizes when pure in white or pink 
flakes, melting a t  214' (uncorr.). The other substance, isosequein, has 
been obtained from only two redwood specimens, but its presence is ap- 
parent in most redwood liquors. It crystallizes in clusters of red needles, 
melting sharply a t  1 8 S 0 ,  Its isolation is made difficult by the presence of a 
relatively large amount of gums, tannins, phlobaphenes and other soluble 
material in redwood. All treatments that remove these impurities also 
remove the color compound. 

Sequoyin appears to be best obtained by lixiviating green or seasoned 
redwood in the form of sawdust or chips with distilled water a t  room tem- 
perature. The product is concentrated to a thick sirup by distillation 
under reduced pressure. The distillate thus obtained is colorless and ap- 
parently is free from any appreciable quantity of volatile material. The 
black residue in the distilling flask is extracted several times with ether. 
Upon evaporation of the ether, crystallization takes place, usually within a 
few days. The ether extract from most samples of sawdust crystallized 
within twenty-four hours, while other extracts from a different source of 
wood failed to crystallize satisfactorily when given several weeks. The 
best yield of crystals is obtained from sound wood that has been recently 
felled. ' Acetic acid is invariably a component of the ether extract 

(1) Maintained at Madison, Wis., in cooperation with the University of Wisconsin. 
(2) This is part of a paper presented at the seventy-ninth annual meeting of the American Chemical 

Society at Atlanta, Ga , April 7-11, 1930. 
(3) Perkin and Everest. "The Natural Organic Colouring Matters," Longmans, Green & Co.. 

London, 1918. 
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After crystallization of the concentrated ether extract has occurred, the crystals 
are purified by dissolving them in hot alcohol and precipitating once or twice with 
benzene and finally with water. The crystals thus obtained are thin, glistening flakes, 
odorless and tasteless. They are slightly soluble in cold water, more freely in hot water, 
slightly soluble in ether, soluble in glacial acetic acid and very soluble in alcohol. They 
dissolve readily in dilute alkalies, giving a bright red which gradually changes a t  the 
surface to a brown, forming at  the same time a brown amorphous precipitate. This 
brown material exists in considerable quantity in redwood liquors. In cold concen- 
trated sulfuric acid, the crystals dissolve with a deep red color. They burn with a 
luminous flame, giving an odor of a phenol and leave no ash. 

Anal. Found: C, 68.7, 68.4, 68.4; H, 6.13, 6.07, 6.17; nitrogen, suifur and halo- 
gen are absent. 

M.olecular weight determinations with absolute alcohol by the ebuliioscopic method, 
with glacial acetic acid by the cryoscopic method, and with camphor by the method of 
R a ~ t , ~  did not give consistent values. 

With lead acetate and with stannous chloride, sequoyin gives a white colloidal pre- 
cipitate that is not stable in the presence of alkali; with ferric chloride a permanent 
green is produced. It reduces Tollens' ammoniacal silver nitrate reagent very readily 
but gives no precipitate of cuprous oxide with Fehling's solution. Methoxyl (OCHa), 
carboxyl (COON) and carbonyl (CO) groups apparently are absent. Acetylation 
with acetic anhydride at  100° yields white microscopic crystals melting at  104 to 106 '. 

The percentage acetyl (CH8CO) of these crystals, as determi~ed by the method of 
Perkin,6 equals 35.8 to 35.3y0. 

The properties just described fail to correspond with those of any substance pre- 
viously described in the literature. The empirical formula suggested for sequoyin is 
C36H38010. More information in favor of this formula will appear later in this report. 
Calcd. for C36H38010: C, 68.6; H, 6.08; CHICO for octaacetate, 35.7. 

By dry distillation or fusion with potassium hydroxide, a dark brown oil having a 
decided phenolic odor is obtained. It has not been characterized, as the amount ob- 
tained was very small, and appears to be a mixture of two or more phenolic substances. 
Fusion with glycerin at  200 to 210° for three-quarters of an hour gives two compounds 
melting a t  185 and 216", respectively. 

Preparation of Sequein and Sequeino1.-Upon heating sequoyin with 5v0 sulfuric 
acid for several hours, two crystalline compounds may be obtained. They appear to- 
gether or separately upon cooling the solution. They are separated from one another 
by fractional crystallization; sequein, which is the more soluble in alcohol, crystallizes 
in long slender white needles that melt sharply at  190" (uncorr.) when pure. The other, 
sequeinol, crystallizes from hot dilute alcohol in short needles that melt with some 
decomposition a t  242 (uncorr.) . 

Sequein has properties similar to the parent substance. It has been obtained in 
yields up to 50.0%. It crystallizes from slightly acid solutions with water of crys- 
tallization, which it loses a t  100 to 105O. The crystals are white, but after drying in a 
desiccator they become brown externally. When white they are tasteless, but after be- 
coming brown they are bitter. Heated at temperatures above its melting point it de- 
composes and leaves a bulky carbonaceous residue. I t  is only slightly soluble in cold 
water, more so in hot water and is dissolved with facility by alcohol. Sodium bicar- 
bonate solution dissolves it incompletely. Sequein could be used as an indicator, its 
tincture being very sensitive to free alkalies and alkaline salts, with which i t  gives 
a bright red, while with acids it is yellow. I t  exhibits phenolic properties, adds bromine, 

(4) Rast, Ber.. SSB, 1051-1054 (1922). 
(5)  Perkin, J .  Chem. Soc., 87, 107 (1905). 



and an alcoholic solution produces a transient green with ferric chloride. Basic lead 
acetate yields a violet precipitate, which gradually darkens on exposure to the air. 
Neutral lead acetate produces a slight reddish precipitate, the filtrate of which is a bright 
red. Stannous chloride gives a permanent rose-colored precipitate. An ammoniacal 
solution becomes a bright cherry red, ultimately changing to a brown. Upon the addi- 
tion of acetic acid to this brown solution a brown precipitate is deposited. This pre- 
cipitate fuses at  temperatures over 250° and burns completely without the formation 
of ash. It gives a deeper shade of red with alkalies than the original compound. With 
potassium pennanganate, sequein is oxidized to a brown humus-like substance that is 
devoid of any color-producing properties, while with nitric acid, oxalic acid (m. p. 99 ") 
has been obtained. Sequein gives no precipitate with Fehling's solution, nor is it affected 
by phenylhydrazine. With hydrogen chloride in a dry ethereal solution, it forms a red 
oil from which the crystals (m. p. 190 ") are again obtained upon bringing in contact with 
water. Wool mordanted with potassium bichromate is dyed a reddish-brown. 

Anal. Found: C, 67.40, 67.36; H, 5.63, 5.59. 
Molecular weight determinations by the method of Rast using camphor as a solvent 

gave 356 and 358; by the ebullioscopic method using absolute alcohol as a solvent the 
values 345 and 336 were obtained. 

The above analyses, therefore, correspond to a compound of the empirical formula 
CsoHzoOa. 

Calculated for CzoHzoOe: C, 67.38; H, 5.66; molecular weight, 356.16 
Preparation of Sequein Hexaacetate.-Sequein is acetylated by boiling with acetic 

anhydride with or without the aid of a catalyst, such as sulfuric acid, and also with acetic 
anhydride and pyridine at  room temperatures. Upon adding water to the cooled re- 
action mixture, the acetylated derivative separates out. After recrystallizing from hot 
alcohol it may melt at  124 or at  114O. The lower-melting derivative is the one most 
commonly obtained. The difference in melting points is undoubtedly due to the forma- 
tion of two isomers. 

Analyses on the acetylated derivative, m. p. 114": Found: C, 62.62, 62.71; H 
5.43, 5.41; acetyl (CH3CO), 42.1, 42.2. 

Molecular weight, average of several determinations, gave 607. These values cal- 
culated for a hexaacetate compound. Calcd. for C~OHI~O~.G(CH~CO): C, 63.13; H, 
5.32; CHaCO, 42.4; molecular weight, 608.25. 

Attempts to characterize the products of degradation of sequein were not successful 
in that only a small amount of the pure compound was available. Fusion with potas- 
sium hydroxide, or dry distillation with diminished pressure, yields a brown oil having a 
very pronounced phenolic odor. During dry distillation orange-colored crystals may 
be seen momentarily in the receiving flask before dissolving in the distillate. 

un The residue from the hydrolysis of the acetylated prod- 
A L V  

uct does not again give the original compound. Upon ex- 
tracting the acid residue with ether, a red film is formed when 
the solvent is evaporated. This material dissolves readily 
in dilute sodium hydroxide with a purple color and is precipi- 

-- tated as a brown oil upon the addition of an acid. All at- 
tempts to induce it to crystallize have failed. Upon exposure 
to the air it gradually darkens to a black granular mass. 

HO' a 'OH Of the naturally occurring coloring principles the 
A properties of sequein approach those of the dihydro- 

pyran group, of which hematoxylin and brasilin are the most important 
representatives. Brasilin is obtained from Caesalpinia braziliensis, while 
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hematoxylin is derived from Hematoxylon campeuchknum. The constitu- 
tional formula of hematoxylin accepted by W. H. Perkin and his co-workers 
after a series of extensive researches is shown as (A). On oxidation, hema- 
toxylin gives rise to the actual dyestuff hematein, which dissolves in 
alkalies with a deep red color that is destroyed by excessive oxidation. 
Sequein has a larger molecule than hematoxylin, by reason of one or more 
side chains. 

On the Properties of Sequeino1.-Sequeinol is soluble in alcohol and is insoluble 
in cold water, sodium carbonate solutions or carbon tetrachloride. With dilute alkalies 
it dissolves readily without color and is precipitated from alkaline solutions as micro- 
scopic needles with carbon dioxide or with dilute acids. I t  contains, therefore, no car- 
boxyl group, but has phenolic properties. A clear emerald color is obtained with ferric 
chloride in 95% alcohol. Fused with finely ground potassium hydroxide a t  220' for 
twenty minutes, it retains its original melting point, 242 ". 

Anal. Found: C, 69.97, 69.97; H, 6.55, 6.53. 
Molecular weight by the ebullioscopic method using absolute alcohol as a solvent 

gave 280 and 288. 
These values correspond for a compound with the empirical formula Cl~H1804: 

Calcd. for C16H1804: C ,  70.03; H, 6.61; molecular weight, 274.14. 
Preparation of Sequeinol Tetraacetate.-Heating with acetic anhydride in a water- 

bath with or without sodium acetate gave a product which crystallized from hot alcohol 
in short needles melting at  176 to 177 (uncorr.). The percentage acetyl of these crys- 
tals when determined by the method of Perkin was 38.51. Molecular weight determina- 
tions gave 446 and 466. Calcd. for C16H1404.4(CH3CO): CHaCO, 38.68; molecular 
weight, 442.2. 

Results indicate that there are four hydroxyl groups in sequeinol. No compound 
with like properties has been found in the literature. 

On dry distillation under reduced pressure an amber-colored oil is obtained as a 
distillate. I t  is insoluble in water, benzene and carbon tetrachloride, but is dissolved 
with facility by alcohol or ether. An aqueous suspension with ferric chloride gives a 
transient yellow-green color. With the addition of dilute sodium bicarbonate to this 
ferric chloride solution a red color is formed which indicates the presence of catechol.6 

From the residue remaining from the acetyl determinations of sequeinol, small hard 
brown crystals are obtained. They melt at  218O, bum with a luminous flame, and leave 
no ash. They are insoluble in water, soluble in hot alcohol, give no color with ferric 
chloride and are precipitated instantly from alkaline solutions with acids. 

On the Constitution of Sequoyin.-The acid filtrate from the hydrolysis 
of sequoyin reveals nothing of importance. It contains no reducing 
material, which demonstrates the absence of sugars in sequoyin. 

Sequeinol apparently is not a decomposition product of sequein. Fur- 
ther treatment of sequein with sulfuric acid under the conditions for the 
breaking up of sequoyin gave no additional sequeinol. A formula of the 
pyran type for sequein provides for a half acetal linkage with sequeinol in 
sequoyin. A labile half acetal linkage is the most logical to explain the 
splitting of the sequoyin molecule with a dilute mineral acid to  form two 
compounds, both of which have no free carboxyl group. 

(6) Allen, "Commercial Organic Analysis," 5th ed , Blakiston, Philadelphia, 1925. p 338. 
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Sequein is, therefore, concluded to have a hydroxyl group on the carbon 
atom adjoining the oxygen in the pyran ring. Upon acety- 

0 
\/ \ c O H  lating such a compound, the ring structure is very likely to 

1 IC 
be broken. This explains the formation of sequein hexa- 

AC/ acetate, and also why sequein is not recovered again after 
the hydrolysis of sequein hexaacetate. 

Sequoyin having the half acetal structure just mentioned should, 
therefore, have two of its ten oxygen atoms unaffected by acetylation. 
This is confirmed by experimental evidence in that the octaacetate deriva- 
tive is obtained upon acetylation. 

The summation of sequein and sequeinol less one HzO taken up on 
hydrolysis is equivalent to the formula C36H3609. Our analysis of sequoyin 
demonstrates that it possesses the formula C36H38010. One molecule of 
water must, therefore, be lost during the process of hydrolysis. 

On the Properties of 1sosequein.-This compound was obtained from 
only two redwood specimens in the green condition. The amount avail- 
able for experimental investigation was small. After repeated crystalliza- 
tions from hot alcohol it was finally obtained in clusters of red needles, 
which melt sharply at  188'. A dilute solution gives a violet color gradu- 
ally darkening with alkalies, which is of similar intensity and sensitivity to 
that produced when proportionately dilute unpurified redwood extracts 
are treated with alkali. In acid solutions it is yellow. It possesses 
phenolic properties, producing a dark green with ferric chloride. 

Molecular weight determinations by the method of Rast gave 348 and 
353. Structurally it is believed to be related to sequein. 

Summary 

Two crystalline red color-producing compounds, sequoyin and isosequein, 
have been isolated from the heartwood of redwood. These two compounds, 
together with their decomposition products, are believed to be largely 
responsible for the color changes in redwood. Through hydrolysis with 
dilute acids sequein and sequeinol have been obtained from sequoyin. The 
compounds do not appear to have been described in the literature pre- 
viously. 

MADISON. WISCONSIN RECEIVED DECEMBER 12, 1932 
PUBL~SHED APRIL 6, 1933 
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, YALE UNIVERSITY] 

Researches on Pyrimidines. CXXXII. 
A New Synthesis of Thymine 

When in 1900 Wilhelm Traube2 made his important contributions to our 
knowledge of pyrimidine chemistry, he was particularly interested in de- 
veloping a new technique for the synthesis of purines of the uric acid type 
comparable to the classical methods of preparation previously described 
by Emil F i ~ c h e r . ~  The compound which served as the starting point 
of his researches was cyanacetic acid. He found that this reagent com- 
bined smoothly with urea, thiourea and guanidine, giving acyclic ureides 
which easily undergo cyclic condensations, giving pyrimidine combina- 
tions that are easily transformed into purines. Traube's method of 
purine synthesis is limited to the use of cyanacetic acid or its ester and 
is applicable, therefore, only to oxypyrimidines, which are unsubstituted . 
in position 5 of the pyrimidine ring. Presumably for this reason the 
action of the homologs of cyanacetic acid on urea, thiourea and guanidine, 
and the rearrangement of their respective condensation products have thus 
far been neglected. The development of a program of work in fields of 
heterocyclic chemistry calling for the application of new methods of 
pyrimidine syntheses is now leading to a study in this Laboratory of 
cyclic ureides derived from substituted cyanacetic acids of types I and 11. 

NCCHXCOOH NCCX2COOH 
I I1 

The use of a substituted cyanacetic acid of type I for the synthesis of thy- 
mine is described below. 

As the rearrangement of cyanacetyl-urea leads to 4-aminouracil, that of 
methyl cyanacetyl-urea I11 should be productive of the corresponding 
amino derivative of thymine IV. Moreover, if as Rupe4 found, cyanacetyl- 

NH,CONHCOCH(CH8)CN -+ ~HCONHCOC(CH~)=&NH~ 
I11 IV 

urea is transformed by catalytic hydrogenation in the presence of platinum 
into uracil, then methyl cyanacetyl-urea I11 should under the same condi- 
tions be transformed into thymine V. Since thymine is not easily obtain- 
able in quantity and any improvement in present methods of synthesis, 
therefore, is desirable, i t  seemed worth while to study these new reactions. 

(I) Sterling Professorship of Chemistry Research Assistant. 
(2) Traube, Ber., 33, 1374 (1900). 
(3) Fischer, ibid., 20, 2251 (1897). 
(4) Rupe, Helv. Chim. Acta., 8, 850 (1925). 
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Methyl cyanacetic acid, which can be prepared very easily according to 
the method of He~sler ,~  condenses smoothly with urea in the presence of 
acetic anhydride, forming the ureide 111. We now find that this com- 
pound, when reduced catalytically, is transformed with evolution of am- 
monia into thymine as represented by the formulas above. The thymine 
prepared by this new method is obtainable in good yield, and free from 
sulfur and the pyrimidine uracil. I t  did not respond to the Wheeler- 
Johnson%olor test for uracil and cytosine. There is no doubt that this 
technique when developed will serve for the preparation of many other 
uracil derivatives substituted in position 5 of the pyrimidine ring. Many 
of the combinations desired for our work cannot be prepared successfully 
through the usual methods calling for application of a Claisen ketone 
ester condensation with ethyl formate, followed by condensation with thio- 
urea or 2 pseudo-thiourea to give a pyrimidine. 

When treated with alkali methyl cyanacetyl-urea I11 undergoes a mo- 
lecular rearrangement with cyclization to a pyrimidine ring forming 4- 
aminothymine or 2,6-diaxy-4-amino-5-methylpyrimidine IV, in the same 
way as cyanacetyl-urea is transformed into 4-amino uracil or 2,6-dioxy-4- 

Experimental Part 
Methyl Cyanacetyl-urea, 111.-One mole of methyl cyanacetic acid6 and 1.1 mole of 

urea are heated with 1.25 moles of distilled acetic anhydride on a steam-bath. After 
twenty minutes' heating crystals begin to separate which increase in quantity very 
rapidly as the heating is continued until the liquid assumes a solid condition, when the 
reaction is complete. This ureide is purified by crystallization from hot water, in which 
it is very soluble. On cooling, it deposits in the form of plates melting a t  192'. The 
crystals contained water of crystallization. For analysis the compound was dried a t  
100 O in a vacuum. 

Anal. (Micro.) 3.879 mg. gave 6.06 mg. of (202, 1.692 mg. Hz0. 2.933 mg gave 
0.759 cc. of Nz at  22" and 746 mm. Calcd. for CaHyOzNa: C, 42.55; H, 4.96; N, 29.79. 
Found: C, 42.62; H, 4.88; N, 29.40. 

Thymine V.-Methyl cyanacetyl-urea is dissolved in about thirty times its weight of 
hot water and the solution agitated in an atmosphere of hydrogen a t  70' using platinum 
black (Willstatter) as the catalytic agent. When one-half the theoretical quantity of 
hydrogen has been absorbed, heating is discontinued and the agitation continued until 
one mole of hydrogen has been absorbed The catalyst is then separated by filtration 
and the solution acidified with acetic acid to neutralize the ammonia liberated by hy- 
drolysis. This base forms a salt with thymine, holding the latter in solution The so111- 
tion is finally concentrated and cooled when thymine separates. After one recrystalliza- 
tion from boiling water it showed a melting point of 318-320'. The thymine obtained 
by this procedure showed all the typical thymine reactions and was free from uracil. 

2,6-Dioxy-4-amino-5-methylpyrimidine (4-Aminothymine) 1V.-Methyl cyan- 
acetyl-urea I11 was dissolved in three times its weight of 20% aqueous sodium hydroxide 
solution and the mixture allowed to stand for half an hour. On acidifying with 

(5)  Hessler, THIS JOURNAL, 35, 980 (1913). 
(6) Wheeler and Johnson, J .  Biol. Chem., 3, 183 (1907). 
(7) Traube, Ber., 41, 532 (1908). 



acetic acid the 4-aminothymine separated in needles. This pyrimidine was purified by 
recrystallization from boiling water and melted a t  355O. The rearrangement of the 
acylurea I11 into 4-aminothymine IV can also be effected by heating in aqueous solution 
with magnesium oxide. For analysis the compound was dried a t  100a in a vacuum. 

Anal. Calcd. for CbHIOzNa: N, 29.79. Found: N, 29.56. 

Summary 
1. Methyl cyanacetyl-urea can be rearranged to 2,6-dioxy-4-amino-5- 

methylpyrimidine by the action of alkali. 
2. Methyl cyanacetyf-urea, when reduced catalytically in the p- L esence 

of platinum is converted smoothly into thymine. 

Notes 
Preparation of Triethylsilicon Halides 

I t  is commonly supposed that triethylsilicon halides cannot be prepared, 
readily, from di-triethylsilicon oxide. Nevertheless it has been found that 
triethylsilicon bromide, chloride and fluoride can be obtained very easily 
from the oxide by treating a mixture of concentrated sulfuric acid and di- 
triethylsilicon oxide with the corresponding sodium or ammonium halide. 
The mixture is allowed to stand for some hours and the product extracted 
with petroleum ether. The triethylsilicon halide is separated from the 
solvent by distillation. The yields are practically quantitative. 

Triethylsilicon fluoride, prepared in this way, is a colorless mobile liquid 
having a very faint "camphor-like" odor. It boils a t  110' (uncorr.) 
under atmospheric pressure. It is much more stable toward hydrolysis 
than is the corresponding bromide and may be distilled in air without 
appreciable decomposition. 

Analyzed for fluorine by a modified Starck method, calcd. for (C2H5)3SiF: 
F, 14.15. Found: F, 14.31, 14.63, mean 14.48. 

I t  was shown to be a single substance as follows. About ten grams was 
allowed to distil under its own vapor pressure a t  room temperature into a 
receiver (volume 302 cc.) cooled to -33'. The vapor density of the 
first two or three drops of distillate collected was determined, as well as the 
vapor density of the last two or three drops of residual liquid remaining in 
the original container. The vapor densities of the two extreme fractions 
agreed within the experimental error and gave a value for the molecular 
weight in close agreement with that required by the formula (C2H&SiF. 
The data follow: mol. wt. (vapor density). First fraction. Subs., 
0.0534, 0.0501: vol., 302.0; pressure, mm., 24.7, 22.9; t, 27.7O, 28.0'. 



Mol. wt. 134.3, 136.1, mean, 135.2. Last fraction. Subs., 0.0383, 0.0506; 
vol., 302.0; pressure, mm., 17.7, 22.9; t, 28.1, 28.5; mol. wt. 134.6, 137.6, 
mean, 136.2. Calcd. for (C2H&SiF: mol. wt., 134.2. 

CHEMISTRY DEPARTMENT RECEIVED JANUARY 5, 1933 
BROWN UNIVERSITY PUBLISHED APRIL 6, 1933 
PROVIDENCE, R. I. 

A Hydrate of 1,3,5-Xylenoxyacetic Acid 

In a study of phenolic fractions obtained from coal tar, we have found i t  
desirable to prepare derivatives of certain pure phenols for purposes of 
comparison. One of the derivatives which we prepared was the oxyacetic 
acid formed by interaction of symmetrical xylenol and chloroacetic acid in 
the presence of sodium hydroxide. We were especially interested in this 
compound because Schneider and Shohan,l working with a symmetrical 
xylenol prepared by synthesis, found that their specimen melted a t  11 l o  
whereas Schiitz and c~llaborators,~ Steinkopf and H ~ p n e r , ~  and Briickner4 

state that its melting point is 85 or 86'. We find this discrepancy to be 
explained by the fact that the material reported melting a t  86' is a mono- 
hydrate, the anhydrous substance melting a t  11 lo. 

The xylenol which we used was a coal tar product melting a t  63.2O, 
obtained from the U. S. Bureau of Mines. The hydrate of 1,3,5-xylenoxy- 
acetic acid, easily prepared by crystallizing the product from water, melts 
actually a t  81.0°, but is unstable, losing its water of crystallization on stand- 
ing for a few days over phosphorus pentoxide in a vacuum desiccator a t  
room temperature. The product then melts a t  111.2'. A mixture of 
equal parts of hydrate and anhydrous material melted indistinctly between 
97 and 104'. The hydrate loses a t  least a part of its water when i t  is dis- 
solved in warm benzene and is reprecipitated by addition of petroleum 
ether. Schneider and Shohan reported 86-92?' as the melting range 
of their product before recrystallization; they then recrystallized from 
benzene and found the melting point to be l l S O .  It is probable that their 
first product was largely the hydrate and that it lost water when warmed 
with benzene. 

We report the melting point of the hydrate as 81.0' on the basis of the 
following evidence. The crude reaction product, isolated from aqueous 
alkaline medium by precipitation with hydrochloric acid, melted a t  81-83'. 
We recrystallized i t  from water, and allowed i t  to stand in a desiccator 

(1) Schneider and Shohan, Bur. Mines, Refifs. Investigations No. 2969, 1929, 10 pp. 
(2) Schiitz and co-workers, Ber., 56, 1971 (1923). 
(3) Steinkopf and H6pner, J .  prakt. Chem., [2] 113, 141 (1926). 
(4) Brkkner, Erdol und T e n ,  4, 562,580,598 (1928); C .  A., 23, 1246 (1929); 2. Angcw. Chcm., 41, 

1043, 1062 (1928). 



in an atmosphere saturated with water vapor at room temperature, until 
weight equilibrium was reached. I t  then melted sharply a t  81.0" corr. 
when heated a t  the usual rate of 1-2" per minute. The value 85 or 86O 
probably corresponds to a partially dehydrated product; for, if the 
temperature of the bath be raised very slowly, about 1" in three minutes, 
the hydrated substance will begin to melt a t  81°, but at the same time will 
gradually become dehydrated; with cautious heating it is possible to  
reach I l l 0 ,  the melting point of the anhydrous material, before fusion is 
complete; but i t  is also possible with irregular heating to observe melring 
a t  almost any point intermediate between 81 and 1 1 lo .  

The solubility of the anhydrous substance in boiling water is about 1 g. 
in 100 cc.; in benzene, somewhat more than 1 g. in 10 cc. 

Another property of 1,3,5-xylenoxyacetic acid not mentioned in the 
literature is its volatility in a current of steam. We found that 100 g. of 
steam in the course of one hour carried over 0.0066 g. weighed as anhydride. 

Analysis.-A determination of water of crystallization was made in a 
micro vacuum drying tube over phosphorus pentoxide a t  about 70°: 
weight of sample, 4.395 mg.: HzO found, 0.395 mg. or 8.99%; calcd. for 
C10H1203.H20, 9.09%. Micro combustion analysis of the anhydrous ma- 
terial remaining after the water determination gave the following results: 
weight of sample, 4.000 mg. : CO2, 9.81 mg. ; Hz0, 2.43 mg. C found, 
66.88%; calcd., 66.63%; H found, 6.82%; calcd., 6.72%. This micro- 
analysis was made by Mr. F. C. Silbert of this Laboratory. 

COAL RESEARCH LABORATORY RECEIVED JANUARY 11, 1933 
CARNEGIE INSTITUTE OF TECHNOLOGY PUBLISHED APRIL 6, 1933 
PITTSBURGH, PENNSYLVANIA 

Rotenone in a Species of Spatholobus 

Some time ago the Insecticide Division received a sample of roots1 of a 
fish-poisoning plant from Burma, which the Economic Botanist of that  
country considered to be Spatholobus roxburglzii Benth., a large, woody 
climber. In  the course of tests of numerous plant extracts, Drake and 
Spies2 found that an acetone extract of this root material possessed a high 
toxicity to goldfish. Recent tests by F. L. Campbell of the Bureau of 
Entomology also indicate that the extract is highly toxic to  mosquito 
larvae. 

While testing a number of plant extracts of high fish and insect toxicity 
for rotenone by the blue color test recently outlined13 the author found that  
the acetone extract of S. roxburghii gave a deep blue color, estimated to  be 

(1) The material received consisted mainly of the bark of the root. 
(2) Drake and Spies, J. Econ. Entomol., 25, 129 (1932). 
(3) Jones and Smith, Ind. Eng. Ckent , Anal. Ed., 5, 76 (1933). 



equivalent to a t  least 1% rotenone or deguelin (both give the test). No 
further plant material was available. The remainder of the acetone ex- 
tract, representing 6.3 g. of original material, was evaporated to dryness in 
a vacuum and the rotenone determined by crystallization from carbon 
tetra~hloride.~ The amount of material so obtained corresponded to 
about 1% of rotenone in the original root. This material recrystallized 
from absolute alcohol gave large, hexagonal plates melting a t  163O, with 
indices of refraction identical with those of pure rotenone. 

There are numerous species of Spatholobus, most of them native to 
India, the Malay Peninsula or the Philippine Islands. Since rotenone has 
now been found in S. roxburghii i t  would be well for investigators in these 
countries to study the rotenone content of plants of this genus. 

(4) Jones, Ind. Eng. Chem., Anul. Ed , 5, 23 (1933). 

INSECTICIDE DIVISION RECEIVED JANUARY 12, 1933 
BUREAU OF CHEMISTRY AND SOILS PUBLISHED APRIL 6, 1933 
U. S. DEPARTMENT OF AGRICULTURE 

WASHINGTON, D. C. 

COMMUNICATIONS T O  THE' EDITOR 

THE ADSORPTION OF NITROGEN BY IRON SYNTKETIC AMMONIA 
CATALYSTS 

Sir: 
The experimental work of recent years upon the mechanism of ammonia 

synthesis over iron catalysts has culminated in the idea that the synthesis 
occurs through nitrogen molecules reacting with the surface atoms of the 
iron catalyst to form a layer of nitrogen held to the surface by activated 
adsorption [see Taylor, THIS JOURNAL 53, 578 (1931)l or a surface iron ni- 
tride [see Frankenburger, Ullmann's "Enzyklopadic der technischen 
Chemie," 1928; Emmett, J. Chem. Ed., 7, 2571 (1930)] which in turn can 
be reduced by hydrogen to form ammonia. Various indirect lines of 
evidence have been advanced in support of this hypothesis. However, 
as yet no data have been published to show whether the adsorption of 
nitrogen by the surface of an iron catalyst a t  synthesis temperatures pro- 
ceeds a t  a sufficient rate to permit i t  to be an essential step in the synthesis 
of ammonia. The present letter presents briefly the results that have been 
obtained recently relative to the rate and extent of nitrogen adsorption by 
various types of iron ammonia catalysts. 

At 400' and one atmosphere pressure 10-cc. samples of doubly promoted 
iron catalyst 931 containing 1.3% AlzOs and 1.59% KzO, pure iron catalyst 
973, and singly promoted catalyst 921 containing 1.31% A1203 adsorbed 
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2.4, 0.26 and 6.3 cc. of nitrogen, respectively, in the first minute out 
of total adsorptions of 4.2, 0.93 and 8.2 cc. attained at  the end of one to 
two hours These initial rates of adsorption are in approximately the 
same ratio as the rates of ammonia synthesis measured immediately after 
each adsorption run. Furthermore, the adsorption of nitrogen is suffi- 
ciently fast on each catalyst to permit i t  to constitute the first step in the 
synthesis of ammonia, in accordance with the hypothesis already ad- 
vanced. 

Measurements of the temperature coefficient of the rates of adsorption of 
nitrogen on catalyst 931 between 275 and 450' indicate an energy of activa- 
tion of about 15,000 and 17,000 calories for the adsorption of '6.7 and 3.6 cc. 
of nitrogen, respectively. Isotherms at  400 and 450' correspond to a heat 
of adsorption between 34,000 and 40,000 calories. It appears therefore 
that the energy of activation of the desorption of nitrogen from the surface 
of the iron catalysts is between 49,000 and 57,000 calories. This seems to 
be in substantial agreement with the experiments of Winter [Z. physik. 
Chem., B13,401 (1931)l in which he found that the temperature coefficient 
of ammonia decomposition over iron catalysts was about 54,000 calories 
and was apparently determined by the rate at  which nitrogen was desorbed 
from the iron. 

BUREAU OF CHEMISTRY AND SOILS P. H. EMUETT 
U. S. DEPARTMENT OF AGRICULTURE STEPHEN BRUNAUER 
WASHINGTON, D. C. 

RECEIVED FEBRUARY 14, 1933 PUBLISHED APRIL 6,1933 

ENERGY OF ACTIVATION 
Sir: 

During the past two years, we1 have extended our investigation of the 
kinetics of the ionic reactions (I) sodium bromoacetate f sodium thio- 
sulfate, and (11) sodium /3-bromopropionate + sodium thiosulfate, to 
determine the energy of activation, E,,,,, and the constant B in the 
equation log k = B - EaCt./2.3 RT as functions of temperature and eon- 
centration. The table illustrates some of the salient features. 

TABLE 

Reaction I. Na Bromoacetate (0.005 1M) + NazSaOa (0.005 M )  
B (time unit 

t ,  OC. Added salt l iZ  &act. Cal. minutes) 

0-12.5 None 0.1414 16,062 83 11.40 
12.5-25 None .I414 15,962*68 11.28 
25-37.5 None .I414 15,849 * 64 11.20 
0-25 0 .18  M NaCl ,447 15,960 .t: 53 11.58 
-25 .06 M BaC12 .447 16,299 41 11.94 
-25 .03 M Lacla .447 17,695 * 55 13.40 

(1) La Mer and Kamner, THIS JOURNAL, 63, 2832 (1931). for data at 25'. 



TABLE (Concluded) 

Reaction 11. Na 8-Bromopropionate + Naz&Oa 
B (time unit  

f ,  OC. Added salt d@ Eact. Cal. minutes) { ao~2:  = 0.005 M 
None 0.1414 28,900 690 20.00 

I a = b = 0.05 M 
0-12.5 None .447 22,900 150 

12.5-25.0 None .447 24,400 * 480 1 0-25 None .447 23,600 * 220 15.5 

{aL2: = 0.005 M 
0.03 M LaCL .447 24,000 * 500 16.4 

{ a o ~ 2 :  = 0.015 M 
0.0567 M LaClr .633 22,000 14.5 

Eat, decreases with T for reaction I but increases for reaction 11 by an 
amount outside the probable error. That Eact. may vary with T is not 
surprising since the partial molal heat capacities of ions are large negative2 

values, which are dependent upon the total charge, concentration, and 
specific properties; hence the heat capacity of the reactive complex need 
not be equal to the sum of the heat capacities of the reacting ions. 

A study of the most reliable data on the reactions: (111) diacetone al- 
cohol decomposition; (IV) sodium phenolate + various alkyl iodides in 
alcohol; (V) acetone dicarboxylic acid decomposition, furnishes evidence 
that our findings are not restricted to ionic  reaction^.^.^,^ For reaction 
111, EaCt. (20-30') = 17,040; EaCt (25-35O) = 18,098, an increase which 
is eight times the experimental error. For reaction IV, using the ethyl 
iodide Eact, (30.142.5O) = 21,067; (42.5-58.5O) = 21,604; (58.5-80.1) = 

21,263. The increase in Eact. a t  low temperatures followed by a decrease 
a t  higher temperatures is repeated uniformly by the eight primary alkyl 
iodides. The same behavior is indicated by reaction V. 

The temperature dependence of Eact. requires consideration of the 
following activation quantities : heat capacity C,,, ; free energy Fa,, ; 
and entropy SaCt.. Bronsted's equation for the influence of the medium 
follows readily in terms of Fact.; but the derivation in the light of R. C. 
Tolman's6 statistical expression for Eact. shows that in general f x  is a 
kinetic and not a pure thermodynamic activity coacient.  The collision 
number Z and the Arrhenius B are related by the equation 3 = log Z + 
Sact,/2.3 R. The simple collision theory consequently is valid only if 
Sac, = 0, which in turn requires the improbable assumption that Ca,. re- 
mains equal to zero down to absolute zero. 

(2) La Mer and Cowperthwaite, Tars JOURNAL, 86, 1004 (1933); Randall and Rossini, ibid., 61, 
323 (1929). 

(3) G. M. Murphy, ibid., 53, 977 (1931). 
(4) D. Segaller, J. Chem. Soc., 105, 106 (1914). 
(5 )  E. 0. Wiig, J .  Phys. Chem., 34, 596 (1930). 
(6) Tolman, "Statistical Mechanics," 1927, p. 261. 



April, 19.33 COMMUNICATIONS TO THE EDITOR 1741 

The importance of considerhg the entropy of activatiori is well illus- 
trated by the BaClz and LaCt additions in Reaction I. In spite of an in- 
crease of 1800 calories in EaCt , the velocity nevertheless increases due to an 
increase in Sac, as shown by the marked increase in B. 

Reaction I11 and the rearrangement of acetylchloroaminobenzene are 
being studied over wider ranges of temperature for a more convincing test 
of the conclusions drawn. 

DEPARTMENT OF CHEMISTRY VICTOR K. LA MER 
COLUMBIA UNIVERSITY 

I T ~ w  YORK, N. Y. 
RECEIVED FEBRUARY 17, 1933 PUBLISHED APRIL 6, 1933 

MODIFICATION OF THE WILLARD-WINTER METHOD FOR FLUORINE 
DETERMINATION 

Sir: 
The use of standard thorium nitrate solutions for the titration of fluorine, 

as developed by Willard and Winter [Ind. Eng. Chem., Anal. Ed., 5, 7-10 
(1933)], affords an accurate method for the determination of soluble 
fluorides. However, the end-point of the titration, when the amount of 
the zirconium-alizarin indicator specified by the writers is being used, is so 
faint as to be difficult to detect. Larger amounts of indicator cannot be 
employed, especially when one is titrating small quantities of fluorine, since 
zirconium combines with Auorine. 

This difficulty can be avoided by the use of a 0.05% aqueous solution of 
sodium alizarin sulfonate alone as the indicator. The procedure is essen- 
tially the same as that employed by Willard and Winter. Three drops of 
the indicator solution are added to 40 cc. of solution containing 20 cc. of 
alcohol. Dilute hydrochloric acid (1:50) is added dropwise until the 
solution is colored yellow. A further drop of acid is then added. The 
end-point of the titration is recognized by the appearance of a faint, per- 
manent pink color due to the formation of the thorium lake. The use of 
an arbitrary reference solution of the lake with a slight pink color makes 
for more accurate results, because the titrated solution shades from yellow 
to pink as the end-point is approached. The procedure succeeds best with 
fractional quantities of a milligram of fluorine, since the troublesome 
adsorption of the dye and lake on the precipitated thorium fluoride is 
rendered less noticeable. 

The results tabulated below were obtained when solutions of sodium 
fluoride were titrated with a thorium nitrate solution of such strength that 
1.0 cc. was equivalent to 0.2 mg. of the fluorine. The microburet readings 
were rounded off to the nearest 0.005 cc., and 0.030 cc. was subtracted from 
each of the readings to account for the thorium required to form the lake. 
The analyst did not know the Auorine content of the solutions marked with 
an asterisk, 



Th(NOs)r, 
CC. 

0.260 
.245 
.520 
.505 
.760 
.865 

F Calcd., F Found, Th(NOs)r, F Calcd., F Pound, 
mg. mg. CC. mg. mg. 

0.050 0.052 0.990 0.200 0.198 
.049 1.020 .204 

.lo0 .lo4 1.000 .201* ,200 
.lo1 1.155 .230 * ,231 

.I50 .I52 1.490 .300 .298 

.175* .I73 2.000 ,400 ,400 

A N'EW BAND IN THE WATER VAPOR DISCHARGE 

Sir: 
In a spectrographic study of the electrodeless discharge in water vapor 

the writers have observed a band of moderate intensity with a head of 
wave length 3564 A. This band is degraded toward the red and appears 
to have the structure of a hydride. It does not belong to any known sys- 
tem of hydroxyl bands and may prove to be due to OHf. Other fainter 
bands were also observed which have not been measured accurately or 
identified. The analysis of these bands is being carried out under the di- 
rection of Professor F. W. Loomis of the Department of Physics. 

NEW BOOKS 

Tables Annuelles de Constantes et Donnees Num6riques de Chimie, de Physique, de 
Biologie et de Technologic. (Annual Tables of Constants (A T C) and Numerical 
Data, Chemical, Physical, Biological and Technological.) Published under the 
Patronage of the International Research Council and of the International Union of 
Chemistry. American Agents, McGraw-Hill Book Co., Inc., 330 West 42d St., 
New York, 1931-1932. Vol. VIII, 2 parts (1927-1928)' 2706 pp. Vol. I X  (1929), 
1607 pp.; Index to Vol. IX, 124 pp. 22 X 28 cm. Price, cloth, Vol. VIII, $20.00; 
Vol. IX, $16.00. 

With the appearance of Volume IX  for 1929 and of Volume VIII in two parts cover- 
ing 1927-1928, Dr. Marie and the International Committee have finally completed the 
Herculean task of bringing the Annual Tables up to date, after the serious interruption 
and delay incident to the World War. Volume I X  was issued a t  the end of 1931, and its 
Index a few months later. This resumption of prompt publication is of great impor- 
tance to the scientific world, and Dr. Marie and the Committee are to be congratulated 
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on their success. Volume IX occupies a total of 1731 pages, many more than any of its 
predecessors, thus reflecting the great increase in the output of new data. Chapters 
have been added on the following subjects: Absorption Spectra; Photography; Geo- 
physics; Radioactivity; Structure by X-Rays; and Explosions and Combustion of 
Gaseous Mixtures. The Index provided with this volume is a new feature and ici cer- 
tainly a great added convenience. 

It should be emphasized that a knowledge of French is not necessary in the use of 
these Annual Tables. All headings, titles, names, explanatory statements and indeed 
everything except the numerals themselves are given both in English and in French. 

These volumes constitute a further invaluable addition to any library of the exact 
sciences. 

ARTHUR B. LAMB 

Prout's Hypothesis. Papers by WILLIAM PROUT, M.D.. J. S. STAS and C. MARIGNAC. 
Published by the Alembic Club, Edinburgh. Reprint No. 20. Gurney and Jack- 
son, 33 Paternoster Row, London, E. C. 4, England, 1932. 58 pp. 12.5 X 19 cm. 
Price, $0.65. 

This little book may be recommended highly to all those interested in the develop- 
ment of chemistry as a science. The type is clear and the binding light but good. 

Twenty-four pages are devoted to an historical introduction, author anonymous, 
which furnishes an excellent setting for the papers which follow. The question of Prout's 
priority in stating his hypothesis is adequately treated with quotations from contempor- 
ary literature. The brilliant forecasting by Sir William Crookes and C. Marignac of our 
modem explanations of the deviations of atomic weights from integral values is well pre- 
sented, but "Obviously there is no room in this introduction for a detailed account of 
the rehabilitation of Prout's hypothesis as effected by these recent advances." 

Two papers by Dr. Prout are reprinted from the Annals of Philosophy. They begin 
with the assumption that air represents a chemical combination of oxygen and nitrogen 
and a theoretical calculation of the density of hydrogen which comes within one-half of 
one per cent. of the truth. Then follow some naive atomic weight determinations and 
finally the famous hypothesis. 

From a long paper on atomic weights by J. S. Stas, the small portion dealing with the 
historical and the theoretical aspects of the subject is translated. Stas concluded that 
Prout's "law" was a pure illusion, that there was question whether even the atomic 
weight of oxygen was exactly an integral multiple of that of hydrogen. 

Finally there is translated a commentary on Stas' paper by C. Marignac. In  it 
Marignac makes a clear statement of what is now known as the packing effect. These 
last two papers illustrate the impossibility of overthrowing a theory with simple experi- 
mental evidence. In fact this reprint might be subtitled, the triumph of theory over 
experiment. 

C. H. GREENE 

Introductory General Chemistry. By STUART R. BRINKLEY, Associate Professor of 
Chemistry, Yale University. The Macmillan Co., 60 Fifth Ave., New York, 1932. 
x + 565 pp. Illustrated. 14.5 X 22.5 cm. Price, $3.00. 

The author of this excellent and very readable textbook has sought "to afford an 
insight into that method of thought known as the scientific method, which differentiates 
the civilization of today from all which have preceded it; to develop a basis for an under- 
standing of the true significance of chemistry in the modern world; to coiirdinate the 
facts, laws and theories of chemistry in an orderly science; and to limit the amount of 
specific descriptive and theoretical material, and to arrange the order of the topics so 
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that the student may grasp the major development of the subject without becoming 
lost in a maze of minor details." This objective is accomplished in a manner which 
should appeal to teacher and student alike. Theories are presented only after the ex- 
perimental facts upon which they are based have been strongly emphasized. Detailed 
facts of minor importance have been reduced to an agreeable minimum while funda- 
mental principles are given a large amount of attention. The scientific method is 
always held in the foreground. 

Each chapter carries a group of questions which should serve as a fruitful and 
stimulating source of thought to the student. The lists of supplementary readings which 
appear a t  the end of each chapter have been carefully selected. 

Although the entire text seems very excellent, the first ten chapters seemed to the 
reviewer to be particularly well done. After all, it  would appear that the first few chap- 
ters really "make" or "break" an elementary textbook-in the first ten chapters of 
this text the author has, i t  seems, given a very understandable presentation of the 
fundamentals, the thorough appreciation of which is essential to a grasp of the material 
that follows. 

C. H. SORUM 

Introductory College Chemistry. An Elementary Course Developed Historically. 
By HORACE G. DEMING, Professor of Chemistry, University of Nebraska. John 
Wiley and Sons, Inc., 440 Fourth Ave., New Pork, 1933. xii + 590 pp. 158 figs. 
14 X 22.5 cm. Price, $3.00. 

Most, although not all, new textbooks in General Chemistry are new only in the 
sense that they reflect some new author's literary and pedagogical personality. The 
outstanding facts and fundamental principles that should be included in an introductory 

course are so generally recognized that they appear in all standard texts. However, the 
manner in which these facts and principles are presented, the amount of detail involved 
in their clarification and the degree to which their practical utility is emphasized, may 
differ markedly-and herein, it seems, lies the real distinctiveness of a new book. 

"Introductory College Chemistry" by the author of the highly popular and widely 
used Deming's "General Chemistry" is new and distinctive. Carrying the stamp of 
excellence of the above-mentioned "General Chemistry" it is "simpler and easier, follows 
a different plan, has completely new exercises, and is written for readers who are less 
advanced and perhaps less interested in chemistry as a profession." An easy and grace- 
ful style combines with clearly presented and aptly illustrated general principles to make 
it both readable and teachable. Outstanding topics are first presented in simple form 
and then repeatedly referred to in later chapters, "developing each subject gradually by 
repetition and enlargement." The history of the development of many interesting 
phases of chemistry is interwoven in a fascinating manner. 

The index is very complete; repeated cross references make for greater clarity of 
subject matter; an appendix of definitions summarizes important ideas; each chapter is 
concluded by a very complete and comprehensive list of reading references; each indi- 
vidual subject within a chapter is numbered, a detail which is particularly valuable in 
making assignments. 

The outstanding feature of the book, however, is the large number of questions and 
exercises of a very original and unusual character which appear throughout and at  the 
end of each chapter. "A great many details that textbooks commonly present as state- 
ments of fact, particularly concerning the applications of individual elements and com- 
pounds, are made to appear as questions to provoke thought." Such questions are of 
genuine value to the student in that they encourage him to learn to think, which, after 
all, is one of the primary aims in teaching chemistry. 

C. H. SORUM 
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Gmelis Handbuch der anorganischen Chemie. (Gmelin's Handbook of Inorganic 
Chemistry.) Edited by R. J. MEYER. Eighth edition. System Number 30, 
Barium. Issued by the Deutsche Chemische Gesellschaft. Verlag Chernie, 
G. m. b. H., Corneliusstrasse 3, Berlin W 10, Germany, 1932. 390 pp. 17 X 
25 an. Price, to subscribers, Mk. 56: singly, Mk. 64. 

This volume constitutes another important instalment of this encyclopedia of in- 
organic chemistry. Eight authors collaborated in its preparation. The relevant litera- 
ture has been covered up to the first of April, 1932. 

There is in this volume a wealth of information as to the history, occurrence, prepa- 
ration and propertier, of barium and of its compounds with the non-metals and with the 
alkali and alkaline earth metals. One is impressed, in comparing this volume with the 
corresponding iiistalment of the previous edition, with the great increase that has taken 
place in the amount of physicochemical data relative to this element, particularly in the 
fields of radiation and crystallography. 

ARTHUR B. LAMB 

Tables of Cubic Crystal Structure of Elements and Compounds. By I. E. KNAGGS 
AND B. KARLIK. With a Section on Alloys by C. F. Elam. Adam Hilger, Ltd., 
London, 1932. 90 pp. 16.5 X 25 cm. Price ll/6d. 

This is a comprehensive uncritical summary of cubic structures of over 500 elements 
and compounds, and of about 150 alloys, reported up to August, 1931. The material is 
listed alphabetically and in order of increasing parameter, with numerous references. 

C. D. WEST 

I1 Polarografo, sua Teoria e Applicazioni. (The Polarograph, its Theory and Applica- 
tions.) By GIOVANNI SBMERANO. Libreria Editrice A. Draghi, Padova, Italy, 
1932. vii + 207 pp. 13 X 19.5 cm. L. 16. 

Professor J. Heyrovskq's successful application of the dropping mercury cathode 
to the determination of the deposition and reduction potentials of ions in the aqueous 
solutions of their salts has resulted in a very exhaustive series of investigations by him- 
self and his co-workers of the uses of this electrode in diverse chemical and related prob- 
lems. The progress of these investigations became particularly rapid with the invention 
by Heyrovskjr and Shikata in 1925 of the "po1arograph"an apparatus for the automatic 
recording on photographic paper of the current-voltage curves obtained with a drop- 
ping mercury cathode-an invention affording a great economy of time a'nd a t  the same 
time eliminating the personal element from the work. The extensive development 
during the last ten years of the method and of the practical applications by Heyrovskjr 
and his school led to the accumulation of a rich bibliography devoted entirely to the 
polarographic investigations. 

Semerano believes that the method has passed the preliminary period of theoretical 
preparation and has definitely entered the field of practical utilization. He presents 
in his little book the theory and applications of the polarographic method, the aim of the 
monograph being "to offer to those who desire to occupy themselves with research of this 
type the possibility of acquiring the necessary theoretical and practical fundamentals." 

After a concise and clear cut introduction, a discussion of the current-voltage 
curves is given, followed by a detailed description of the apparatus and the method, and 
a thorough presentation of the theory of deposition and reduction of ions a t  the dropping 
mercury cathode and of the maxima in the polarization curves. 

The rest of the book is devoted to the practical applications. Data are given on 
reduction and deposition of the following ions: hydrogen, alkali and alkaline earth 
metals, metals of the iron group, zinc and manganese group, tin, arsenic, antimony, bis- 



muth, lead, cadmium, mercury, gold, silver, gallium, indium, thallium, uranium, etc. 
This is followed by a discussion, with some experimental data, of the reduction of or- 
ganic substances, and of the uses of the polarograph in determining solubility and equi- 
librium constants, mineral analysis, determination of impurities, titxation of dilute 
solutions, and determination of oxygen dissolved in aqueous solutions. Finally a few 
pages are concerned with the biological, physiological, and industrial applications, such 
as analyses of sugar solutions, fermenting liquors and petroleum fractions. 

The book is almost entirely in the nature of a compilation, Semerano himself having 
contributed but little to the subject. I t  seems that in his enthusiasm the author rather 
overestimates the practical usefulness of the method, which is inherently limited to 
work with very small concentrations, and to a permissible error of ten per cent. 

However, the book will undoubtedly prove of interest not only to electrochemists, 
but also to all those workers in the fields bordering on chemistry who make use of elec- 
trochemical methods in their research. A complete bibliography of "Polarographic" 
literature is appended. 

A. W. BOLDYREPF 

Physical Chemistry for Students of Biology and Medicine. By DAVID INGERSOLL 

HITCHCOCK, Ph.D., Associate Professor of Physiology in the Yale University School 
of Medicine. Charles C. Thomas, Publisher, 220 East Monroe St., Springfield, 
Illinois, 1932. xi + 182 pp. 26 figs. 14 5 X 23.5 cm. Price, $2.75. 

Many students of biology and medicine feel increasingly the need of some knowl- 
edge of physical chemistry. To be of the greatest benefit, such knowledge should come 
early in the student's scientific training, whether or not he plans to take a more ad- 
vanced course in the subject later on. This book is intended especially for such stu- 
dents. I t  deals successively with the gas laws, the theory of solutions, the law of mass 
action, buffer action, galvanic cells and PH measurements, adsorption and the colloidal 
state, membrane equilibrium, reaction velocity and enzyme action, oxidation-reduction 
potentials, and (briefly) with the concepts of total energy and free energy. There is 
also a chapter on blood, setting forth the application of physico-chemical principles to 
this physiological system. The lucidity of the presentation is admirable throughout. 
As might be expected from the author, the treatment of membrane equilibrium is ex- 
cellent, being decidedly the best presentation of this subject for elementary students of 
which the reviewer is aware The often confusing subject of oxidation-reduction 
potentials is al$o set forth with great clarity. Inevitably some mathematical relations 
are assumed and must be taken on faith by most of the readers to whom the book is 
addressed; but Dr. Hitchcock has reduced this element nearly to the minimum possible 
under the circumstances. 

As the author states in his preface, "the selection of topics has been guided by their 
past application in biological work." In the reviewer's opinion, it would be desirable to 
take the student further afield, and familiarize him with concepts which are likely to 
achieve biological significance in the years to come. The elements of the electronic 
theory of valence; the elements of electrostatics, especially dielectric constants and di- 
pole moments; the orientation of molecules at  interfaces and in fields of force-such 
topics as these are of real and rapidly growing importance to the biologist. They all 
furnish admirable opportunities for demonstrating the relation between the structure of 
molecules and their physico-chemical behavior: a relation which the biologist should 
be led to appreciate as early as possible because of the breadth and unity which it can give 
to his thinking. To take one example among many: if the student has some conception 
of the electrostatic forces which cause substances like sodium chloride and the amino 
acids to dissolve readily in water and hardly a t  all in fatty solvents, it will help to il- 
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lurninate his conception of the chemical organization of the cell. The fundamental con- 
cepts involved in such subjects as those here mentioned could, furthermore, be treated 
with primary emphasis on simple physical ideas, and with relatively little mathematical 
apparatus. 

Such questionings should not obscure the great success with which Dr. Hitchcock 
has fulfilled the aims he set out to achieve. For that success the book is to be heartily 
commended, and it will be found of great value by many teachers and students. 

JOHN T.  EDSALL 

Organic Chemistry. By G. ALBERT HILL, Professor of Organic Chemistry, Wesleyan 
University, and LOUISE KELLEY, Professor of Organic Cnemistry, Goucher Col- 
lege. P. Blakiston's Son and Co., 1012 Walnut St., Philadelphia, Pa., 1932. 
viii f 564 pp. 14.5 X 22 cm. Price, 963.00. 

The authors planned this book as a text for "an elementary but comprehensive, 
one-year course in organic chemistry." I t  should be an excellent text for this purpose, 
for it is both well planned and well written. Of the 535 pages of text, 324 pages are 
devoted to aliphatic compounds and 168 pages to aromatic compounds. In  addition 
to this material there are chapters on terpenes and camphors, heterocyclic compounds, 
alkaloids and plant and animal substances. The latter chapter, although comprising 
only 22 pages, is a concise and highly instructive introduction to the chemistry of hor- 
mones, enzymes, sterols, vitamins, lignin, rubber and natural pigments. 

Besides its general high quality, certain features of this book particularly impressed 
the reviewer. The first is the sustained emphasis on the experimental side of organic 
chemistry. The importance and control of side reactions are brought to the reader's 
attention early in the book by the statement, "some unsympathetic soul has remarked 
that organic chemistry is the chemistry of side reactions and by-products. This state- 
ment is at  least spiced with truth; however, by adjusting conditions the organic chemist 
can frequently cause the desired reaction, of several possible, to predominate, and in this 
necessary battle of wits against matter lies part of the charm of organic chemistry." 
Thereafter the authors take espccial care to stress the dependence of the course upon the 
conditions of reaction. The inclusion of many of the recent developments in theoretical 
and applied chemistry is another striking feature of the book. The use of van Alphen's 
explanation of the formation of ether, the formulation of the Beckmann rearrangement 
as a transmigration of groups and the relation of structure to solubility and reactivity 
are examples of the type of discussion that will delight the teacher, while such recent 
developments as chloroprene and duprene, extraction of bromine from sea water, and 
the connection of tri-o-cresyl phosphate with Jamaica ginger paralysis should convince 
the student that organic chemistry is not a totally abstract science. 

In addition to those mentioned above a few other features of the book may be noted, 
viz., an introductory chapter on the historical background of organic chemistry, detailed 
discussions of the physiological action of many organic compounds, numerous tables 
listing the physical properties of members of various homologous series, and brief bio- 
graphical notes concerning some of the contributors to organic chemistry. 

Very few errors are to be found in the book. The incorrect formulas of quinine 
(p. 511) and guaiacol (p. 527) and the misstatement of the definition of saponification 
(p. 154) are evidently oversights in proof reading. However, the assertion that aniline 
is the chief basic constituent "of coal tar (p. 363), the recommendation of acetyl 
chloride as a reagent for the separation of primary and secondary from tertiary amines 
(pp. 174, 3701, and the statement (p. 510) tbat synthetic morphine is about to be 
produced commercially are examples of more fundamental errors and should be revised. 
These relatively few errors are the only faults which the reviewer can find in the book. 

S. M. MCELVAIN 



Laboratory Methods of Organic Chemistry. By L. GATTERMANN. Completely Re- 
vised by Heinrich Wieland. Translated from the Twenty-Second German Edition 
by W. McCartney. The Macmillan Company, 60 Fifth Ave., New York, 1932. 
xviii + 416 pp. Illustrated. 15 X 22.5 cm. Price, $3.50. 

When, in 1894, Ludwig Gattermann prepared a modest manual to fulfill his private 
requirements in giving instruction in organic laboratory work, he probably little dreamed 
that the "cook book," as he called it, would be so widely circulated as to require up to the 
present time no less than twenty-two editions. One reason why "Gattermann" has 
remained a classic of the organic chemist for nearly forty years is that the plan of pro- 
viding the preparative directions with theoretical explanations has proved very satis- 
factory. It is also evident from the wide use of the various German editions and the 
translations that the preparations originally included were well chosen and adequately 
described. A further factor contributing to the success of the book is that the author 
was widely recognized as an experimentalist of experience and distinction. 

It is thus particularly appropriate that a thoroughly up-to-date revision of Gatter- 
mann's ma~iwal was undertaken by one of the outstanding leaders in the field of modern 
organic research, and it will be generally agreed that Wieland has performed a distinct 
service to the science by preparing one revision in 1925 and another in 1930. In doing 
so he wisely adhered to the plan of weaving into the practical directions an extensive 
survey of the theory of the reactions involved The re-writing and the ampliFying of thc 
theoretical parts of the book is indeed so well done that the new volume is not only a 
practical manual but serves also as an excellent and authoritative textbook of advanced 
organic chemistry. A knowledge of the principles of the subject being assumed, it is 
possible for the author to consider matters of theory in considerable detail and to cover 
a wide range of subjects in a volu~ne which does not exceed a reasonable length. The 
book gains in importance in thus presenting Wieland's views and comments, particu- 
larly on the mechanisms of reactions. 

The preparative directions also have been greatly improved and extended. Some 
idea of the novelty of the new preparations can be given by citing a few examples: 
experiments with triphenyl-methyl and diphenyl nitrogen, a synthesis of indigo, the 
extraction of nicotine, haemin and some of the bile acids; the saccharinification of po- 
tato starch, and the preparation of invertase from yeast. I t  will be evident that much 
of the new material has been chosen with a view to stimulating the student's interest in 
biochemistry, which in the author's opinion is "the most important branch of the sub- 
ject." Throughout the descriptions of the various preparations and particularly in the 
chapters dealing with general laboratory operations, it is gratifying to find that the 
author has been careful to include some of the little devices and manipulative tricks 
which can add so much both to the success and the pleasure of laboratory work. The 
Nobel Prize laureaute does not hesitate, for example, to recommend new uses for old 
playing cards! 

I t  should be pointed out that "Gattermann-Wieland," even though it is now avail- 
able in translation, is hardly suitable for use in the courses of elementary organic chem- 
istry given in this country. In the German universities the student takes up his work 
in the organic laboratory only after he has completed a course of lectures on the subject, 
and watched the lecturer perform numerous experiments. The American student, on 
the other hand, usually performs his first distillation a few dajs after attending his first 
lecture on the compounds of carbon. I t  is obvious that it is necessary to supply him 
with much more detailed directions than a book designed for the more mature German 
student can offer, and that he is not yet in a position to appreciate the wealth of informa- 
tion presented in the volume under discussion. It is in our advanced courses and courses 
of research that "Gattermann-Wieland" will be of greatest value, and every student 



April, 193.7 NEW BOOKS 1749 

who hopes to become a11 organic chemist should be encouraged to secure a copy as soon 
as he is able to use it intelligently. 

The present translation requires little comment. For the most part it is accurate 
and clear, and, though the text lacks grace of expression, it must be declared adequate. 

Lours F. FIESER 

Alcohol and Man. The Effects of Alcohol on Man in Health and Disease. By HAVEN 

EMERSON, Editor. The Macmillan Company, 60 Fifth Ave., New York, 1932. 
451 pp. Price, $3.50. 

According to the preface, this book was compiied with the irrtet~tion of placing bc- 
fore the general reader the accepted facts concerning the use and abuse of alcohol by 
man both in health and in disease. 

Every effort has been made to avoid taking sides on the prohibition question. The 
work represents a painstaking effort to present the known facts and to show how these 
facts have come to be accepted. 

In  their effort to avoid taking sides, the editors appear to have leaned over back- 
ward and in many instances leave the reader in doubt as to the importance of many of 
the facts stated. 

The chemists must be impressed with the uncertainty of many of the methods by 
which some of the facts have been determined. It would seem desirable to have a sum- 
mary based upon logical conclusions from the facts as stated, with careful consideration 
given to the importance of these facts. 

The whole work leaves one with the impression that the authors were uncertain as 
to the amount of weight which should be placed upon the results of some of the experi- 
menters. 

I t  would appear that the use of alcohol by those in good health was likely, if not 
certain, to result in diminished mental and muscular ability, that many of the popular 
beliefs were not founded upon facts and that in general a healthy person would be better 
in general health if alcohol was taboo. The same thiig could easily be said about tea, 
coffee and many other articles in everyday use and probably facts determined by experi- 
ments could be adduced to prove the case. 

After all is said and done, one who has read this book will very likely reach the con- 
clusion that the matter is still in an experimental and uncertain stage, and that every one 
will be forced to decide for himself. 

The toxic properties of alcohol in large doses appear to be accepted by everyone. 
The degree of toxicity between ethyl and methyl alcohol is left somewhat in doubt, for 
while methyl alcohol appears to be less poisonous so far as the immediate results of over- 
doses are concerned, most of the facts point toward more serious effects from continued 
small doses than is the case with ethyl alcohol. 

The food value of ethyl alcohol appears to be quite definitely established within 
certain limits, but as each individual possesses specific peculiarities and as the conditions 
under which the alcohol is taken vary greatly, no really definite conclusion appears as 
to how much alcohol may be taken and used as food without unhappy results. 

Taken all together, it is an interesting but indefinite book. 
JOHN A. SEAVERNS 



1750 

BOOKS RECEIVED 

February 15, 1933-March 15, 1933 

ROGER ADAYS AND JOHN R. JOHNSON. "Elementary Laboratory Experiments in Or- 
ganic Chemistry." The Macmillan Company, 60 Fifth Ave., New York. 363 pp. 
$1 90. 

E. BAUER. "Critique des Notions d'fither, d'fispace et de Temps. CinCmatique de la 
Relativit.6." Hermann et Cie., fiditeurs, 6 Rue de la Sorbonne, Paris, France. 
31 pp. Fr. 7. 

L. BRILLOUIN. "Notions de Mkanique Ondulatoire. Les Mkthods d'Approxima- 
tions." Hermann et Cie., Editeurs, 6 Rue de la Sorbonne, Paris, France. 34 p. 
Fr. 10. 

LOUIS DE BROGLIE. "Cons6quences de la Relathit6 dans le Dkvelopment de la Mkan- 
ique Ondulatoire." Herrnnnn et Cie., kditeurs, 6 Rue de la Sorbonne, Paris, 
France. 15 pp. Fr. 6. 

&LIE CART?. "Le Parallelisme Absolu et la Th6orie Unitaire du Champ." Hennann 
et Cie., Editeurs, 6 Rue de la Sorbonne, Paris, France. 21 pp. Fr. 6. 

G. DARMOIS. "La Thhrie Einsteinienne de la Gravitation. Les V6rifications Ex- 
perimentales." Hermann et Cie., fiditeurs, 6 Rue de la Sorbonne, Paris, France. 
30 pp. Fr. 7. 

CL~MENT DUVAL. "Manip~lations de Chimie." Masson et Cie.. fiditeurs, 120 
Boulevard Saint-Germain. Paris VIe. France. 375 pp. Fr. 65. 

J. NEWTON FRIEND. "A Textbook of Physical Chemistry." Vol. I. J. B. Lippincott 
Company, Philadelphia, Pa. 501 pp. 

PAUL LANGEVIN. "La Relativitk. Conclusion Generale." Hermann et Cie., fidi- 
teurs, 6 Rue de la Sorbonne, Paris. France. 17 pp. Fr. 6. 

G. MASING. "Ternare Systeme. Elementare Einfuhrung in die Theorie der Dreistoff- 
legierungen." Akademische Verlagsgesellschaft m. b. H., Markgrafenstrasse 6, 
Leipzig C 1, Germany. 164 pp. M. 8.30; cardboard, M. 9.60 

FRANCIS PFRRIN. "La Dynamique Relativiste et 1'Inertie de 1'Energie." Hermann et 
Cie , Editeurs, 6 Rue de la Sorbonne, Paris, France. 19 pp. Fr 6. 

A. SAINTE-LAGUE. "Probabilitb et Morphologie." Hermann et Cie., fiditeurs, 6 
Rue de la Sorbonne, Paris, France. 31 pp. Fr. 6. 

WILHELM ZIEGELMAYER. "Unsere Lebensmittel und ihre Verkderungen, mit einer 
Darstellung der Lehre von der Kochwissenschaft." Verlag von Theodor Steinkopff, 
Residenzstrasse 32, Dresden-Blasewitz, Germany. 322 pp. RM. 10; bound, 
RM. 11.20. 

EDGARD ZUNZ "filkments de Pharmacodynamie SpCciale. fitude de 19Action des 
Divers Medicaments." Masson et Cie., fiditeurs, 120 Boulevard Saint-Germain, 
Paris VI", France. 2 Vols., 1272 pp. Fr. 190. 

"A New Nomenclature of Chemistry, Proposed by Messrs. de Morveau, Lavoisier, 
Berthollet and Fourcroy; with Additions and Improvements by Lyman Spaldiig 
(1799)." Reprinted by the American Pharmaceutical Association, 10 West Chase 
St., Baltimore, Md. 12 pp. $1.00. 


	02867889   jacs 193301 - 193304.tif
	02867890.tif
	02867891.tif
	02867892.tif
	02867893.tif
	02867894.tif
	02867895.tif
	02867896.tif
	02867897.tif
	02867898.tif
	02867899.tif
	02867900.tif
	02867901.tif
	02867902.tif
	02867903.tif
	02867904.tif
	02867905.tif
	02867906.tif
	02867907.tif
	02867908.tif
	02867909.tif
	02867910.tif
	02867911.tif
	02867912.tif
	02867913.tif
	02867914.tif
	02867915.tif
	02867916.tif
	02867917.tif
	02867918.tif
	02867919.tif
	02867920.tif
	02867921.tif
	02867922.tif
	02867923.tif
	02867924.tif
	02867925.tif
	02867926.tif
	02867927.tif
	02867928.tif
	02867929.tif
	02867930.tif
	02867931.tif
	02867932.tif
	02867933.tif
	02867934.tif
	02867935.tif
	02867936.tif
	02867937.tif
	02867938.tif
	02867939.tif
	02867940.tif
	02867941.tif
	02867942.tif
	02867943.tif
	02867944.tif
	02867945.tif
	02867946.tif
	02867947.tif
	02867948.tif
	02867949.tif
	02867950.tif
	02867951.tif
	02867952.tif
	02867953.tif
	02867954.tif
	02867955.tif
	02867956.tif
	02867957.tif
	02867958.tif
	02867959.tif
	02867960.tif
	02867961.tif
	02867962.tif
	02867963.tif
	02867964.tif
	02867965.tif
	02867966.tif
	02867967.tif
	02867968.tif
	02867969.tif
	02867970.tif
	02867971.tif
	02867972.tif
	02867973.tif
	02867974.tif
	02867975.tif
	02867976.tif
	02867977.tif
	02867978.tif
	02867979.tif
	02867980.tif
	02867981.tif
	02867982.tif
	02867983.tif
	02867984.tif
	02867985.tif
	02867986.tif
	02867987.tif
	02867988.tif
	02867989.tif
	02867990.tif
	02867991.tif
	02867992.tif
	02867993.tif
	02867994.tif
	02867995.tif
	02867996.tif
	02867997.tif
	02867998.tif
	02867999.tif
	02868000.tif
	02868001.tif
	02868002.tif
	02868003.tif
	02868004.tif
	02868005.tif
	02868006.tif
	02868007.tif
	02868008.tif
	02868009.tif
	02868010.tif
	02868011.tif
	02868012.tif
	02868013.tif
	02868014.tif
	02868015.tif
	02868016.tif
	02868017.tif
	02868018.tif
	02868019.tif
	02868020.tif
	02868021.tif
	02868022.tif
	02868023.tif
	02868024.tif
	02868025.tif
	02868026.tif
	02868027.tif
	02868028.tif
	02868029.tif
	02868030.tif
	02868031.tif
	02868032.tif
	02868033.tif
	02868034.tif
	02868035.tif
	02868036.tif
	02868037.tif
	02868038.tif
	02868039.tif
	02868040.tif
	02868041.tif
	02868042.tif
	02868043.tif
	02868044.tif
	02868045.tif
	02868046.tif
	02868047.tif
	02868048.tif
	02868049.tif
	02868050.tif
	02868051.tif
	02868052.tif
	02868053.tif
	02868054.tif
	02868055.tif
	02868056.tif
	02868057.tif
	02868058.tif
	02868059.tif
	02868060.tif
	02868061.tif
	02868062.tif
	02868063.tif
	02868064.tif
	02868065.tif
	02868066.tif
	02868067.tif
	02868068.tif
	02868069.tif
	02868070.tif
	02868071.tif
	02868072.tif
	02868073.tif
	02868074.tif
	02868075.tif
	02868076.tif
	02868077.tif
	02868078.tif
	02868079.tif
	02868080.tif
	02868081.tif
	02868082.tif
	02868083.tif
	02868084.tif
	02868085.tif
	02868086.tif
	02868087.tif
	02868088.tif
	02868089.tif
	02868090.tif
	02868091.tif
	02868092.tif
	02868093.tif
	02868094.tif
	02868095.tif
	02868096.tif
	02868097.tif
	02868098.tif
	02868099.tif
	02868100.tif
	02868101.tif
	02868102.tif
	02868103.tif
	02868104.tif
	02868105.tif
	02868106.tif
	02868107.tif
	02868108.tif
	02868109.tif
	02868110.tif
	02868111.tif
	02868112.tif
	02868113.tif
	02868114.tif
	02868115.tif
	02868116.tif
	02868117.tif
	02868118.tif
	02868119.tif
	02868120.tif
	02868121.tif
	02868122.tif
	02868123.tif
	02868124.tif
	02868125.tif
	02868126.tif
	02868127.tif
	02868128.tif
	02868129.tif
	02868130.tif
	02868131.tif
	02868132.tif
	02868133.tif
	02868134.tif
	02868135.tif
	02868136.tif
	02868137.tif
	02868138.tif
	02868139.tif
	02868140.tif
	02868141.tif
	02868142.tif
	02868143.tif
	02868144.tif
	02868145.tif
	02868146.tif
	02868147.tif
	02868148.tif
	02868149.tif
	02868150.tif
	02868151.tif
	02868152.tif
	02868153.tif
	02868154.tif
	02868155.tif
	02868156.tif
	02868157.tif
	02868158.tif
	02868159.tif
	02868160.tif
	02868161.tif
	02868162.tif
	02868163.tif
	02868164.tif
	02868165.tif
	02868166.tif
	02868167.tif
	02868168.tif
	02868169.tif
	02868170.tif
	02868171.tif
	02868172.tif
	02868173.tif
	02868174.tif
	02868175.tif
	02868176.tif
	02868177.tif
	02868178.tif
	02868179.tif
	02868180.tif
	02868181.tif
	02868182.tif
	02868183.tif
	02868184.tif
	02868185.tif
	02868186.tif
	02868187.tif
	02868188.tif
	02868189.tif
	02868190.tif
	02868191.tif
	02868192.tif
	02868193.tif
	02868194.tif
	02868195.tif
	02868196.tif
	02868197.tif
	02868198.tif
	02868199.tif
	02868200.tif
	02868201.tif
	02868202.tif
	02868203.tif
	02868204.tif
	02868205.tif
	02868206.tif
	02868207.tif
	02868208.tif
	02868209.tif
	02868210.tif
	02868211.tif
	02868212.tif
	02868213.tif
	02868214.tif
	02868215.tif
	02868216.tif
	02868217.tif
	02868218.tif
	02868219.tif
	02868220.tif
	02868221.tif
	02868222.tif
	02868223.tif
	02868224.tif
	02868225.tif
	02868226.tif
	02868227.tif
	02868228.tif
	02868229.tif
	02868230.tif
	02868231.tif
	02868232.tif
	02868233.tif
	02868234.tif
	02868235.tif
	02868236.tif
	02868237.tif
	02868238.tif
	02868239.tif
	02868240.tif
	02868241.tif
	02868242.tif
	02868243.tif
	02868244.tif
	02868245.tif
	02868246.tif
	02868247.tif
	02868248.tif
	02868249.tif
	02868250.tif
	02868251.tif
	02868252.tif
	02868253.tif
	02868254.tif
	02868255.tif
	02868256.tif
	02868257.tif
	02868258.tif
	02868259.tif
	02868260.tif
	02868261.tif
	02868262.tif
	02868263.tif
	02868264.tif
	02868265.tif
	02868266.tif
	02868267.tif
	02868268.tif
	02868269.tif
	02868270.tif
	02868271.tif
	02868272.tif
	02868273.tif
	02868274.tif
	02868275.tif
	02868276.tif
	02868277.tif
	02868278.tif
	02868279.tif
	02868280.tif
	02868281.tif
	02868282.tif
	02868283.tif
	02868284.tif
	02868285.tif
	02868286.tif
	02868287.tif
	02868288.tif
	02868289.tif
	02868290.tif
	02868291.tif
	02868292.tif
	02868293.tif
	02868294.tif
	02868295.tif
	02868296.tif
	02868297.tif
	02868298.tif
	02868299.tif
	02868300.tif
	02868301.tif
	02868302.tif
	02868303.tif
	02868304.tif
	02868305.tif
	02868306.tif
	02868307.tif
	02868308.tif
	02868309.tif
	02868310.tif
	02868311.tif
	02868312.tif
	02868313.tif
	02868314.tif
	02868315.tif
	02868316.tif
	02868317.tif
	02868318.tif
	02868319.tif
	02868320.tif
	02868321.tif
	02868322.tif
	02868323.tif
	02868324.tif
	02868325.tif
	02868326.tif
	02868327.tif
	02868328.tif
	02868329.tif
	02868330.tif
	02868331.tif
	02868332.tif
	02868333.tif
	02868334.tif
	02868335.tif
	02868336.tif
	02868337.tif
	02868338.tif
	02868339.tif
	02868340.tif
	02868341.tif
	02868342.tif
	02868343.tif
	02868344.tif
	02868345.tif
	02868346.tif
	02868347.tif
	02868348.tif
	02868349.tif
	02868350.tif
	02868351.tif
	02868352.tif
	02868353.tif
	02868354.tif
	02868355.tif
	02868356.tif
	02868357.tif
	02868358.tif
	02868359.tif
	02868360.tif
	02868361.tif
	02868362.tif
	02868363.tif
	02868364.tif
	02868365.tif
	02868366.tif
	02868367.tif
	02868368.tif
	02868369.tif
	02868370.tif
	02868371.tif
	02868372.tif
	02868373.tif
	02868374.tif
	02868375.tif
	02868376.tif
	02868377.tif
	02868378.tif
	02868379.tif
	02868380.tif
	02868381.tif
	02868382.tif
	02868383.tif
	02868384.tif
	02868385.tif
	02868386.tif
	02868387.tif
	02868388.tif
	02868389.tif
	02868390.tif
	02868391.tif
	02868392.tif
	02868393.tif
	02868394.tif
	02868395.tif
	02868396.tif
	02868397.tif
	02868398.tif
	02868399.tif
	02868400.tif
	02868401.tif
	02868402.tif
	02868403.tif
	02868404.tif
	02868405.tif
	02868406.tif
	02868407.tif
	02868408.tif
	02868409.tif
	02868410.tif
	02868411.tif
	02868412.tif
	02868413.tif
	02868414.tif
	02868415.tif
	02868416.tif
	02868417.tif
	02868418.tif
	02868419.tif
	02868420.tif
	02868421.tif
	02868422.tif
	02868423.tif
	02868424.tif
	02868425.tif
	02868426.tif
	02868427.tif
	02868428.tif
	02868429.tif
	02868430.tif
	02868431.tif
	02868432.tif
	02868433.tif
	02868434.tif
	02868435.tif
	02868436.tif
	02868437.tif
	02868438.tif
	02868439.tif
	02868440.tif
	02868441.tif
	02868442.tif
	02868443.tif
	02868444.tif
	02868445.tif
	02868446.tif
	02868447.tif
	02868448.tif
	02868449.tif
	02868450.tif
	02868451.tif
	02868452.tif
	02868453.tif
	02868454.tif
	02868455.tif
	02868456.tif
	02868457.tif
	02868458.tif
	02868459.tif
	02868460.tif
	02868461.tif
	02868462.tif
	02868463.tif
	02868464.tif
	02868465.tif
	02868466.tif
	02868467.tif
	02868468.tif
	02868469.tif
	02868470.tif
	02868471.tif
	02868472.tif
	02868473.tif
	02868474.tif
	02868475.tif
	02868476.tif
	02868477.tif
	02868478.tif
	02868479.tif
	02868480.tif
	02868481.tif
	02868482.tif
	02868483.tif
	02868484.tif
	02868485.tif
	02868486.tif
	02868487.tif
	02868488.tif
	02868489.tif
	02868490.tif
	02868491.tif
	02868492.tif
	02868493.tif
	02868494.tif
	02868495.tif
	02868496.tif
	02868497.tif
	02868498.tif
	02868499.tif
	02868500.tif
	02868501.tif
	02868502.tif
	02868503.tif
	02868504.tif
	02868505.tif
	02868506.tif
	02868507.tif
	02868508.tif
	02868509.tif
	02868510.tif
	02868511.tif
	02868512.tif
	02868513.tif
	02868514.tif
	02868515.tif
	02868516.tif
	02868517.tif
	02868518.tif
	02868519.tif
	02868520.tif
	02868521.tif
	02868522.tif
	02868523.tif
	02868524.tif
	02868525.tif
	02868526.tif
	02868527.tif
	02868528.tif
	02868529.tif
	02868530.tif
	02868531.tif
	02868532.tif
	02868533.tif
	02868534.tif
	02868535.tif
	02868536.tif
	02868537.tif
	02868538.tif
	02868539.tif
	02868540.tif
	02868541.tif
	02868542.tif
	02868543.tif
	02868544.tif
	02868545.tif
	02868546.tif
	02868547.tif
	02868548.tif
	02868549.tif
	02868550.tif
	02868551.tif
	02868552.tif
	02868553.tif
	02868554.tif
	02868555.tif
	02868556.tif
	02868557.tif
	02868558.tif
	02868559.tif
	02868560.tif
	02868561.tif
	02868562.tif
	02868563.tif
	02868564.tif
	02868565.tif
	02868566.tif
	02868567.tif
	02868568.tif
	02868569.tif
	02868570.tif
	02868571.tif
	02868572.tif
	02868573.tif
	02868574.tif
	02868575.tif
	02868576.tif
	02868577.tif
	02868578.tif
	02868579.tif
	02868580.tif
	02868581.tif
	02868582.tif
	02868583.tif
	02868584.tif
	02868585.tif
	02868586.tif
	02868587.tif
	02868588.tif
	02868589.tif
	02868590.tif
	02868591.tif
	02868592.tif
	02868593.tif
	02868594.tif
	02868595.tif
	02868596.tif
	02868597.tif
	02868598.tif
	02868599.tif
	02868600.tif
	02868601.tif
	02868602.tif
	02868603.tif
	02868604.tif
	02868605.tif
	02868606.tif
	02868607.tif
	02868608.tif
	02868609.tif
	02868610.tif
	02868611.tif
	02868612.tif
	02868613.tif
	02868614.tif
	02868615.tif
	02868616.tif
	02868617.tif
	02868618.tif
	02868619.tif
	02868620.tif
	02868621.tif
	02868622.tif
	02868623.tif
	02868624.tif
	02868625.tif
	02868626.tif
	02868627.tif
	02868628.tif
	02868629.tif
	02868630.tif
	02868631.tif
	02868632.tif
	02868633.tif
	02868634.tif
	02868635.tif
	02868636.tif
	02868637.tif
	02868638.tif
	02868639.tif
	02868640.tif
	02868641.tif
	02868642.tif
	02868643.tif
	02868644.tif
	02868645.tif
	02868646.tif
	02868647.tif
	02868648.tif
	02868649.tif
	02868650.tif
	02868651.tif
	02868652.tif
	02868653.tif
	02868654.tif
	02868655.tif
	02868656.tif
	02868657.tif
	02868658.tif
	02868659.tif
	02868660.tif
	02868661.tif
	02868662.tif
	02868663.tif
	02868664.tif
	02868665.tif
	02868666.tif
	02868667.tif
	02868668.tif
	02868669.tif
	02868670.tif
	02868671.tif
	02868672.tif
	02868673.tif
	02868674.tif
	02868675.tif
	02868676.tif
	02868677.tif
	02868678.tif
	02868679.tif
	02868680.tif
	02868681.tif
	02868682.tif
	02868683.tif
	02868684.tif
	02868685.tif
	02868686.tif
	02868687.tif
	02868688.tif
	02868689.tif
	02868690.tif
	02868691.tif
	02868692.tif
	02868693.tif
	02868694.tif
	02868695.tif
	02868696.tif
	02868697.tif
	02868698.tif
	02868699.tif
	02868700.tif
	02868701.tif
	02868702.tif
	02868703.tif
	02868704.tif
	02868705.tif
	02868706.tif
	02868707.tif
	02868708.tif
	02868709.tif
	02868710.tif
	02868711.tif
	02868712.tif
	02868713.tif
	02868714.tif
	02868715.tif
	02868716.tif
	02868717.tif
	02868718.tif
	02868719.tif
	02868720.tif
	02868721.tif
	02868722.tif
	02868723.tif
	02868724.tif
	02868725.tif
	02868726.tif
	02868727.tif
	02868728.tif
	02868729.tif
	02868730.tif
	02868731.tif
	02868732.tif
	02868733.tif
	02868734.tif
	02868735.tif
	02868736.tif
	02868737.tif
	02868738.tif
	02868739.tif
	02868740.tif
	02868741.tif
	02868742.tif
	02868743.tif
	02868744.tif
	02868745.tif
	02868746.tif
	02868747.tif
	02868748.tif
	02868749.tif
	02868750.tif
	02868751.tif
	02868752.tif
	02868753.tif
	02868754.tif
	02868755.tif
	02868756.tif
	02868757.tif
	02868758.tif
	02868759.tif
	02868760.tif
	02868761.tif
	02868762.tif
	02868763.tif
	02868764.tif
	02868765.tif
	02868766.tif
	02868767.tif
	02868768.tif
	02868769.tif
	02868770.tif
	02868771.tif
	02868772.tif
	02868773.tif
	02868774.tif
	02868775.tif
	02868776.tif
	02868777.tif
	02868778.tif
	02868779.tif
	02868780.tif
	02868781.tif
	02868782.tif
	02868783.tif
	02868784.tif
	02868785.tif
	02868786.tif
	02868787.tif
	02868788.tif
	02868789.tif
	02868790.tif
	02868791.tif
	02868792.tif
	02868793.tif
	02868794.tif
	02868795.tif
	02868796.tif
	02868797.tif
	02868798.tif
	02868799.tif
	02868800.tif
	02868801.tif
	02868802.tif
	02868803.tif
	02868804.tif
	02868805.tif
	02868806.tif
	02868807.tif
	02868808.tif
	02868809.tif
	02868810.tif
	02868811.tif
	02868812.tif
	02868813.tif
	02868814.tif
	02868815.tif
	02868816.tif
	02868817.tif
	02868818.tif
	02868819.tif
	02868820.tif
	02868821.tif
	02868822.tif
	02868823.tif
	02868824.tif
	02868825.tif
	02868826.tif
	02868827.tif
	02868828.tif
	02868829.tif
	02868830.tif
	02868831.tif
	02868832.tif
	02868833.tif
	02868834.tif
	02868835.tif
	02868836.tif
	02868837.tif
	02868838.tif
	02868839.tif
	02868840.tif
	02868841.tif
	02868842.tif
	02868843.tif
	02868844.tif
	02868845.tif
	02868846.tif
	02868847.tif
	02868848.tif
	02868849.tif
	02868850.tif
	02868851.tif
	02868852.tif
	02868853.tif
	02868854.tif
	02868855.tif
	02868856.tif
	02868857.tif
	02868858.tif
	02868859.tif
	02868860.tif
	02868861.tif
	02868862.tif
	02868863.tif
	02868864.tif
	02868865.tif
	02868866.tif
	02868867.tif
	02868868.tif
	02868869.tif
	02868870.tif
	02868871.tif
	02868872.tif
	02868873.tif
	02868874.tif
	02868875.tif
	02868876.tif
	02868877.tif
	02868878.tif
	02868879.tif
	02868880.tif
	02868881.tif
	02868882.tif
	02868883.tif
	02868884.tif
	02868885.tif
	02868886.tif
	02868887.tif
	02868888.tif
	02868889.tif
	02868890.tif
	02868891.tif
	02868892.tif
	02868893.tif
	02868894.tif
	02868895.tif
	02868896.tif
	02868897.tif
	02868898.tif
	02868899.tif
	02868900.tif
	02868901.tif
	02868902.tif
	02868903.tif
	02868904.tif
	02868905.tif
	02868906.tif
	02868907.tif
	02868908.tif
	02868909.tif
	02868910.tif
	02868911.tif
	02868912.tif
	02868913.tif
	02868914.tif
	02868915.tif
	02868916.tif
	02868917.tif
	02868918.tif
	02868919.tif
	02868920.tif
	02868921.tif
	02868922.tif
	02868923.tif
	02868924.tif
	02868925.tif
	02868926.tif
	02868927.tif
	02868928.tif
	02868929.tif
	02868930.tif
	02868931.tif
	02868932.tif
	02868933.tif
	02868934.tif
	02868935.tif
	02868936.tif
	02868937.tif
	02868938.tif
	02868939.tif
	02868940.tif
	02868941.tif
	02868942.tif
	02868943.tif
	02868944.tif
	02868945.tif
	02868946.tif
	02868947.tif
	02868948.tif
	02868949.tif
	02868950.tif
	02868951.tif
	02868952.tif
	02868953.tif
	02868954.tif
	02868955.tif
	02868956.tif
	02868957.tif
	02868958.tif
	02868959.tif
	02868960.tif
	02868961.tif
	02868962.tif
	02868963.tif
	02868964.tif
	02868965.tif
	02868966.tif
	02868967.tif
	02868968.tif
	02868969.tif
	02868970.tif
	02868971.tif
	02868972.tif
	02868973.tif
	02868974.tif
	02868975.tif
	02868976.tif
	02868977.tif
	02868978.tif
	02868979.tif
	02868980.tif
	02868981.tif
	02868982.tif
	02868983.tif
	02868984.tif
	02868985.tif
	02868986.tif
	02868987.tif
	02868988.tif
	02868989.tif
	02868990.tif
	02868991.tif
	02868992.tif
	02868993.tif
	02868994.tif
	02868995.tif
	02868996.tif
	02868997.tif
	02868998.tif
	02868999.tif
	02869000.tif
	02869001.tif
	02869002.tif
	02869003.tif
	02869004.tif
	02869005.tif
	02869006.tif
	02869007.tif
	02869008.tif
	02869009.tif
	02869010.tif
	02869011.tif
	02869012.tif
	02869013.tif
	02869014.tif
	02869015.tif
	02869016.tif
	02869017.tif
	02869018.tif
	02869019.tif
	02869020.tif
	02869021.tif
	02869022.tif
	02869023.tif
	02869024.tif
	02869025.tif
	02869026.tif
	02869027.tif
	02869028.tif
	02869029.tif
	02869030.tif
	02869031.tif
	02869032.tif
	02869033.tif
	02869034.tif
	02869035.tif
	02869036.tif
	02869037.tif
	02869038.tif
	02869039.tif
	02869040.tif
	02869041.tif
	02869042.tif
	02869043.tif
	02869044.tif
	02869045.tif
	02869046.tif
	02869047.tif
	02869048.tif
	02869049.tif
	02869050.tif
	02869051.tif
	02869052.tif
	02869053.tif
	02869054.tif
	02869055.tif
	02869056.tif
	02869057.tif
	02869058.tif
	02869059.tif
	02869060.tif
	02869061.tif
	02869062.tif
	02869063.tif
	02869064.tif
	02869065.tif
	02869066.tif
	02869067.tif
	02869068.tif
	02869069.tif
	02869070.tif
	02869071.tif
	02869072.tif
	02869073.tif
	02869074.tif
	02869075.tif
	02869076.tif
	02869077.tif
	02869078.tif
	02869079.tif
	02869080.tif
	02869081.tif
	02869082.tif
	02869083.tif
	02869084.tif
	02869085.tif
	02869086.tif
	02869087.tif
	02869088.tif
	02869089.tif
	02869090.tif
	02869091.tif
	02869092.tif
	02869093.tif
	02869094.tif
	02869095.tif
	02869096.tif
	02869097.tif
	02869098.tif
	02869099.tif
	02869100.tif
	02869101.tif
	02869102.tif
	02869103.tif
	02869104.tif
	02869105.tif
	02869106.tif
	02869107.tif
	02869108.tif
	02869109.tif
	02869110.tif
	02869111.tif
	02869112.tif
	02869113.tif
	02869114.tif
	02869115.tif
	02869116.tif
	02869117.tif
	02869118.tif
	02869119.tif
	02869120.tif
	02869121.tif
	02869122.tif
	02869123.tif
	02869124.tif
	02869125.tif
	02869126.tif
	02869127.tif
	02869128.tif
	02869129.tif
	02869130.tif
	02869131.tif
	02869132.tif
	02869133.tif
	02869134.tif
	02869135.tif
	02869136.tif
	02869137.tif
	02869138.tif
	02869139.tif
	02869140.tif
	02869141.tif
	02869142.tif
	02869143.tif
	02869144.tif
	02869145.tif
	02869146.tif
	02869147.tif
	02869148.tif
	02869149.tif
	02869150.tif
	02869151.tif
	02869152.tif
	02869153.tif
	02869154.tif
	02869155.tif
	02869156.tif
	02869157.tif
	02869158.tif
	02869159.tif
	02869160.tif
	02869161.tif
	02869162.tif
	02869163.tif
	02869164.tif
	02869165.tif
	02869166.tif
	02869167.tif
	02869168.tif
	02869169.tif
	02869170.tif
	02869171.tif
	02869172.tif
	02869173.tif
	02869174.tif
	02869175.tif
	02869176.tif
	02869177.tif
	02869178.tif
	02869179.tif
	02869180.tif
	02869181.tif
	02869182.tif
	02869183.tif
	02869184.tif
	02869185.tif
	02869186.tif
	02869187.tif
	02869188.tif
	02869189.tif
	02869190.tif
	02869191.tif
	02869192.tif
	02869193.tif
	02869194.tif
	02869195.tif
	02869196.tif
	02869197.tif
	02869198.tif
	02869199.tif
	02869200.tif
	02869201.tif
	02869202.tif
	02869203.tif
	02869204.tif
	02869205.tif
	02869206.tif
	02869207.tif
	02869208.tif
	02869209.tif
	02869210.tif
	02869211.tif
	02869212.tif
	02869213.tif
	02869214.tif
	02869215.tif
	02869216.tif
	02869217.tif
	02869218.tif
	02869219.tif
	02869220.tif
	02869221.tif
	02869222.tif
	02869223.tif
	02869224.tif
	02869225.tif
	02869226.tif
	02869227.tif
	02869228.tif
	02869229.tif
	02869230.tif
	02869231.tif
	02869232.tif
	02869233.tif
	02869234.tif
	02869235.tif
	02869236.tif
	02869237.tif
	02869238.tif
	02869239.tif
	02869240.tif
	02869241.tif
	02869242.tif
	02869243.tif
	02869244.tif
	02869245.tif
	02869246.tif
	02869247.tif
	02869248.tif
	02869249.tif
	02869250.tif
	02869251.tif
	02869252.tif
	02869253.tif
	02869254.tif
	02869255.tif
	02869256.tif
	02869257.tif
	02869258.tif
	02869259.tif
	02869260.tif
	02869261.tif
	02869262.tif
	02869263.tif
	02869264.tif
	02869265.tif
	02869266.tif
	02869267.tif
	02869268.tif
	02869269.tif
	02869270.tif
	02869271.tif
	02869272.tif
	02869273.tif
	02869274.tif
	02869275.tif
	02869276.tif
	02869277.tif
	02869278.tif
	02869279.tif
	02869280.tif
	02869281.tif
	02869282.tif
	02869283.tif
	02869284.tif
	02869285.tif
	02869286.tif
	02869287.tif
	02869288.tif
	02869289.tif
	02869290.tif
	02869291.tif
	02869292.tif
	02869293.tif
	02869294.tif
	02869295.tif
	02869296.tif
	02869297.tif
	02869298.tif
	02869299.tif
	02869300.tif
	02869301.tif
	02869302.tif
	02869303.tif
	02869304.tif
	02869305.tif
	02869306.tif
	02869307.tif
	02869308.tif
	02869309.tif
	02869310.tif
	02869311.tif
	02869312.tif
	02869313.tif
	02869314.tif
	02869315.tif
	02869316.tif
	02869317.tif
	02869318.tif
	02869319.tif
	02869320.tif
	02869321.tif
	02869322.tif
	02869323.tif
	02869324.tif
	02869325.tif
	02869326.tif
	02869327.tif
	02869328.tif
	02869329.tif
	02869330.tif
	02869331.tif
	02869332.tif
	02869333.tif
	02869334.tif
	02869335.tif
	02869336.tif
	02869337.tif
	02869338.tif
	02869339.tif
	02869340.tif
	02869341.tif
	02869342.tif
	02869343.tif
	02869344.tif
	02869345.tif
	02869346.tif
	02869347.tif
	02869348.tif
	02869349.tif
	02869350.tif
	02869351.tif
	02869352.tif
	02869353.tif
	02869354.tif
	02869355.tif
	02869356.tif
	02869357.tif
	02869358.tif
	02869359.tif
	02869360.tif
	02869361.tif
	02869362.tif
	02869363.tif
	02869364.tif
	02869365.tif
	02869366.tif
	02869367.tif
	02869368.tif
	02869369.tif
	02869370.tif
	02869371.tif
	02869372.tif
	02869373.tif
	02869374.tif
	02869375.tif
	02869376.tif
	02869377.tif
	02869378.tif
	02869379.tif
	02869380.tif
	02869381.tif
	02869382.tif
	02869383.tif
	02869384.tif
	02869385.tif
	02869386.tif
	02869387.tif
	02869388.tif
	02869389.tif
	02869390.tif
	02869391.tif
	02869392.tif
	02869393.tif
	02869394.tif
	02869395.tif
	02869396.tif
	02869397.tif
	02869398.tif
	02869399.tif
	02869400.tif
	02869401.tif
	02869402.tif
	02869403.tif
	02869404.tif
	02869405.tif
	02869406.tif
	02869407.tif
	02869408.tif
	02869409.tif
	02869410.tif
	02869411.tif
	02869412.tif
	02869413.tif
	02869414.tif
	02869415.tif
	02869416.tif
	02869417.tif
	02869418.tif
	02869419.tif
	02869420.tif
	02869421.tif
	02869422.tif
	02869423.tif
	02869424.tif
	02869425.tif
	02869426.tif
	02869427.tif
	02869428.tif
	02869429.tif
	02869430.tif
	02869431.tif
	02869432.tif
	02869433.tif
	02869434.tif
	02869435.tif
	02869436.tif
	02869437.tif
	02869438.tif
	02869439.tif
	02869440.tif
	02869441.tif
	02869442.tif
	02869443.tif
	02869444.tif
	02869445.tif
	02869446.tif
	02869447.tif
	02869448.tif
	02869449.tif
	02869450.tif
	02869451.tif
	02869452.tif
	02869453.tif
	02869454.tif
	02869455.tif
	02869456.tif
	02869457.tif
	02869458.tif
	02869459.tif
	02869460.tif
	02869461.tif
	02869462.tif
	02869463.tif
	02869464.tif
	02869465.tif
	02869466.tif
	02869467.tif
	02869468.tif
	02869469.tif
	02869470.tif
	02869471.tif
	02869472.tif
	02869473.tif
	02869474.tif
	02869475.tif
	02869476.tif
	02869477.tif
	02869478.tif
	02869479.tif
	02869480.tif
	02869481.tif
	02869482.tif
	02869483.tif
	02869484.tif
	02869485.tif
	02869486.tif
	02869487.tif
	02869488.tif
	02869489.tif
	02869490.tif
	02869491.tif
	02869492.tif
	02869493.tif
	02869494.tif
	02869495.tif
	02869496.tif
	02869497.tif
	02869498.tif
	02869499.tif
	02869500.tif
	02869501.tif
	02869502.tif
	02869503.tif
	02869504.tif
	02869505.tif
	02869506.tif
	02869507.tif
	02869508.tif
	02869509.tif
	02869510.tif
	02869511.tif
	02869512.tif
	02869513.tif
	02869514.tif
	02869515.tif
	02869516.tif
	02869517.tif
	02869518.tif
	02869519.tif
	02869520.tif
	02869521.tif
	02869522.tif
	02869523.tif
	02869524.tif
	02869525.tif
	02869526.tif
	02869527.tif
	02869528.tif
	02869529.tif
	02869530.tif
	02869531.tif
	02869532.tif
	02869533.tif
	02869534.tif
	02869535.tif
	02869536.tif
	02869537.tif
	02869538.tif
	02869539.tif
	02869540.tif
	02869541.tif
	02869542.tif
	02869543.tif
	02869544.tif
	02869545.tif
	02869546.tif
	02869547.tif
	02869548.tif
	02869549.tif
	02869550.tif
	02869551.tif
	02869552.tif
	02869553.tif
	02869554.tif
	02869555.tif
	02869556.tif
	02869557.tif
	02869558.tif
	02869559.tif
	02869560.tif
	02869561.tif
	02869562.tif
	02869563.tif
	02869564.tif
	02869565.tif
	02869566.tif
	02869567.tif
	02869568.tif
	02869569.tif
	02869570.tif
	02869571.tif
	02869572.tif
	02869573.tif
	02869574.tif
	02869575.tif
	02869576.tif
	02869577.tif
	02869578.tif
	02869579.tif
	02869580.tif
	02869581.tif
	02869582.tif
	02869583.tif
	02869584.tif
	02869585.tif
	02869586.tif
	02869587.tif
	02869588.tif
	02869589.tif
	02869590.tif
	02869591.tif
	02869592.tif
	02869593.tif
	02869594.tif
	02869595.tif
	02869596.tif
	02869597.tif
	02869598.tif
	02869599.tif
	02869600.tif
	02869601.tif
	02869602.tif
	02869603.tif
	02869604.tif
	02869605.tif
	02869606.tif
	02869607.tif
	02869608.tif
	02869609.tif
	02869610.tif
	02869611.tif
	02869612.tif
	02869613.tif
	02869614.tif
	02869615.tif
	02869616.tif
	02869617.tif
	02869618.tif
	02869619.tif
	02869620.tif
	02869621.tif
	02869622.tif
	02869623.tif
	02869624.tif
	02869625.tif
	02869626.tif
	02869627.tif
	02869628.tif
	02869629.tif
	02869630.tif
	02869631.tif
	02869632.tif
	02869633.tif
	02869634.tif
	02869635.tif
	02869636.tif
	02869637.tif
	02869638.tif
	02869639.tif
	02869640.tif

